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INTRODUCTION

The proceedings of the 1964 Army Science Conference is a
compilstion of all papers presented at the conference. Its
purpose= are to:

a. FProvide a hitstorical record of the conference

b. Provide source material for scientists engaged
in research

c¢. Enabls conference parcicipants to review papers
in which they have a special interest

The report consists of three volumes as follows:

Volume I Unclassified papers, principal
authors, A thru H

Volume I Unclassified papers, principal
authors, I thru 2

Volume III Classified papers, alphabetically
by principal authors

Three Invited Papers, which were presented at the Openinn
General Session are grouped together at the beginning o;
Volume 1. These papers are essentially different in nature
inasmuch as they were oriented toward the general scientific
and lay interests of a mixed audience, rather than reporting
on & specific research effort within a given discipline.

All experiments involving live animals which are reported
in the Proceedings were performed in accordance with the
principles of laboratory animal care as promulgated by the
National Society for Medical Research,

~ C WILLIAM W. DICK, Jr. "(\ '

Lieutenant General, GS
Chief of Research and Development
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MEDICAL TRENDS IN LIFE SUPFORT SYSTEMS

TIMOTHY G. BARTIA, 1T COL, MC
WALTER REED ARMY IRSTTTUIR CF RESEARCH
WASHINGTON, D. C.

Strides in medicine in the past few decades have deen a»
great as those in other professions, prodbably most dramatically exem-
Plified by the increase in life expectancy fram 40 to over 7O vears.
Isolated examples, or even a grasp of the whole field of medical ac-
camplishments, make one proud to be living in these times and in this
country; in these times, because of these medical and other "life-
izproving" developments, and in this country, because many of the ac-
complishments are peculler to the academic, scientific and physiocal
environment resulting fram the American way of iife.

TRENDS IN MEDICAL LIFE SUFPORT SYS™EMS: In the colloquial use
of the term "life support systems,” the problems of maintain life
and function of an orbiting astronaut come to mind. The term "closed
ecological system" is also used to denote the need for the entire sys-
tem to be sulf-sufficient. By adding the term "medical™ 4o the title
of life support systems, I hope to explain same of the background,
current research efforts and future plans of the Army Medical Service
in meeting its missica to preserve the fighting strength of the Netlon

The fighting man in an extreme of envirommental and time stress
mey have to exist Liun an atmosphere not unlike a closed ecologiocal sys-
ten. In my daily proctice as en Army Medical Officer and an Anesthe-
aioclogist, the use of & closed ecoleogical system does much to contrbd-
ute to the successful cutcome in most of today's patients undergoing
elective or emergency surgery. Once the patient is rendsred uncom-
scious, he becazes part of a closed anesthetic envircomental system.
A skilled teem controls the factors needed to maintain his vital funo
tions and return him to fu)l consciousness. These same factors bhave
direct application to victims, wounded or injured in the performance
of dally duty. To cope with an adverse situation vith a logioal, pre-
Planned, practiced effort, devoid of panic, is an applicatiom of these
factors in & practical way. Such steps are simple encugh tobe learned
and used by non-medicai ypeople. The immediate application of some

1
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sixpls steps of correction, such as the maintenance or an adequate
airway by the proper positioning of an uncoascious victim's bead may
meet with dremmtic success. In many cases the reward is particularly
great as the resuscitated victim is often a dear relative or friead.

Control of eaviromment is imporiant to survival prior to the need
for medical care, although one camnot separate the tvo complete] .
It can be & kay factor in the adbility of a man t0o survive a stressful
sitwmtion. A wvound or disesase ocenring at a high altitude is com-
pounded by the same environmental i1mctors which make life for a
healthy person extremsly sitessfu) at that altitude. Beside the lack
of availadility of medical attention, factors such as poor romsds, low
tamperatures, lov daromstric pressure with consequences of prodlems
in breathing by the personnel, and poor asrodymamics developed by e
potential rescus hslicopter or airplane are paramount. If the closed
ecological system Decomes evert moxe isolated, as in space flights,
the prodvlems of accident and illness may bdecome even more acute.

Byen within the boundaries of our country, a heavy snowfall in a
ural area could dscrease the chances for survival in, fcr instance,
a pregoancy at temm vhich requires a dlood transfusion or operstive
manipulation of the infant, either of which would be ruther simple
procedures if the patient were in a modern hospital enviromment in-
stead of her own hame. The ravironment also becomes hostile {f a per-
son or group of soldiers are required to move abruptly from a mcder-
ate climate tO one of extremes of heat or cold. Again, nature com-
younds these prodlems of physiological adaptaticn by the individual
to the stress to vhich he is exposed, by making it equally difficult
to logistically support him with medical or other services.

Finally, the longer life span achieved does not lead many of us
to a feeling of camplacency nor to say that most of the problems pre-
venting a long, happy, healthful life have been eliminated., The
first day of life, the first month, and the first year of life, all
still carry high and similar mortality rates to those recorded 25 or
50 years ago. At the other end of the life span, cancer and heart
disease have increased simply because people are living loog enocugh
to acqQuire these diseases. Further, the American heritage has led to
a strange paradox vhich permits thousands to be killed in traffic ac-
cidents, and more thousands to die by accidsnts in their homes, and
the events noted as little more than statistic, while a praminent per-
son, in & similarly sudden, shocking, unexpected instant, dles of »
heart attack or an assassin's bullet and becames a national tragedy.
Which person is the more dead or the greater loss to his family de-
comes scmevhat acadenmic if considered in a somevhat metaphysical de-
tachment by claiming that most of these deathc are preventabdle.

I will not consider the epidemiology of autamobile accidents in
this presentatica. It is detter done by others. But it is indeed
strange that seat belts or chest harnesses are not more widely used
nor are obvious design changes forthcoming “ .r safety In the
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autopobile itself for zear, parhaps, that the car vwill suffer es-
thelically in the market place. It is equally strange that methods
are kinown today for the reversal of death, or the maintenance of life,
ia acoident or disease victims, vhich will permit theae vioctims to
reach mere sophisticated medical care; but thase methods are not used,
or worse, are used improperly for various reasons, not the least of
which is am attitude of "it can't happen here." Yet whea such
methods as mouth-to-mouth breathing tc resuscitate drowned or asphyx-
iated viotime were shown to he o eoffective wvhem taught by a simple
daily lesson oa the fromt page of & Scandinavian state-controlled
Asvepaper, the mortality from such accidents was reduced by almost
75%. Now many of us consider ourselves competent to resuscitate a
friend or relative who ham drowaed or stopped breathing from any of
sany other causes?

In a similar way, 1 believe that perhape helf of the 500,000 per-
scus who die each year of heart disease might not have had to iie at
that particular time. When the heart of such a person is examiaed by
a pathelogist, he is unable to detect by the fineat of our sodera im-
strunentation any nev disease in that heart. It appears to be the
sane heart that hours or days bdefore wvaa funoctioniag well in a liviag.
buman being. To say it in another way, an examination of the heart
of a person who dies in his seventies after lomg, various and some-
times severs episodes of heart dimease, shows the heart to de ama-
tomically more severely involveu by the disease processes which ap-
parently killed the person 20 or 30 years his jumior,

It is true that death ocouvld be so sudden that changes would mot
have time to oceur., In refutation, studies such as that conducted in
Framinghan have shown that an adult population can be examined amd
aome of the population will be found to have heart disease. Vhem
fellowed over a period of yesrs, some of these patients with heart
desease die. TYet over 70% of these fatalities never reach medical at-
tention even vithin as long a time as three veeks from the omset of
Aev Or severs gsymptoms. In our excelleat Army Nedical Service, simi-
lar records show that about 60% of our active duty personnel die with-
out medical attention, Incideatally, the major cauaes of death in
oivilians and in our citizen army are ideantical: heart disease and
agoidents.

When the victim of the myocsrdial infarctiom or “heart attack”

lives to enter the hospital, his chances of dyimg are reauced to

about 298, DPut oven im this ares, there are good reasone to believe
nany of these 25% had hearts too good to die. About 18 of these 25
deaths are due to vemtricular fibrillatiom, a comnditiom im whioch the
thousands of heart muscle fibers attempt to coatract out of symchreny
vith their neighbors, resulting ia an ineffective output of Hlsod
from the heart and the dsath of the patient. %This conditiom is likely
due to an electrooution phencmenon not unlike a death from an eleatric
shock incurred when the victim's feet vere wet, permitting the eleo-
tric charge to be conducted casily through the body- a not umcommon
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home accident.

In the heart attack victim, an abnormal pattem of electrical
activity is caused by the lack of dlood nourishing the ares normally
supplied by the vessel which kas bLeen blocked by the disease process.
This area does not have to be large since the key feature is a Aif-
ference in elacirical potential in the diseased area compared to 0 the
rmin:l.ng noxmal heart muscle. This seme area of difference can then

' became an 1rritable focus to a degree sufficient to permit rendom dis-

T ‘charges of elsctrical potential great enough to cause abnomalities

~1in the rhythm of the heart, continuing to tbe end point of the cam-

plaetely disorganized rhythm of ventricular fibrillation just men-

~tioned. The nearer this area of infarction or dead muscle lies to

-the normal area of nervous pathvays for heart stimulation, the more
likely 4t is to become an irriteble focus to precipitate the fatal

- muscle comtracticns. In contrast, if it is far removed from this
shoieres of nervous conduction, the heert will be less irritable and the
~ ‘victia is able to develop collateral channels over a period of time to

' nourish the aress of the hurt previously supplied with blood by way

- --0f the blocked artexzr.

But even if this abnormsal rhythm of ventricular fibrillation

 does occur, you may sumise from what I have sald that there are good
‘ressons to expect this death to be reversed if the trectment is pmmpt

fand proper.

The output of blood from the heart can bde diminished or stopped

i 1n other vays such as the inadvertent overdosage and depression of

“the heart, as well as the rest of the body, by anesthetic agents, so

- that 1t no longer can respond to normal nervous impulses, Or it can

stop because of lack of oxygen or & wound or eccident causing such

- - 'severe loss of blood that an insufficient quantity is being returned
- <40 the heart to "load" or £il1 it. Regardless of the cause, the ef-
“ fect can be catastrophic. Prompt treatment, similer in both mechan-

4ams, may permit successful resuscitation and coxplete recovery.

- These mechaniems for death were not descridved and understood until
- ‘early in this century, and probsbly are not yet fully expiained. Yet,
- 4n 1921, and perhaps eariier in umdocumented casea, a surgeon was
-able to take over artificially the function of the heart by rhythm-
"~ ically squeezing it with his hand whkile adequate genation could be

restored, permitting the patient to survive. In 19 the first
successful reversal ol the elecirical mechanise for du.th was reportad,
In this instance, the surgecn reversed the fatal ocutcame by epplying

‘an even greater electrical charge to the surface of the heart by

meens of two electrodes applied to opposite sides of the heart, caus-
ing all the hesrt muscle fibers to comtract at once. After the heart
fibers recovered from this effort of comtrection, they were ready to
reaspond normally and in unison to the next nervous impulse reaching
the heart through its usual pathways. In 1956, the placement of

the electrodes directly to the heart was proved to be unnecessary if
sufficient voltage vas delivered to two largé electrodes placed on
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opposite sides of the chest. The need to manually sgueese the hsart
with the hand to forve blood to be circulated, while the csuse of the
trouble vas being eliminated, wvas solved by noting the same effect
could be achieved by pressing forcidbly on the chest, trepping the
heart between the chest, the backbone and the lungs on either side of
the heart. V¥When this method is combined with the acuth-to-mouth
breathing technic mentiocned sbove, a victim of an otherwise fatal
heart attack might be dbrought to a medical facility by a trained non-
medical rescuer sufficiently alive to permit his basic mechanimm of
death to be combatted and reversed. And indeed, this is the favor-
able outcome of more and more heart attack victims today. It is true
that these simple methods for first aid are not without danger, not

universally taught or learned, nor even fully accepted by the medical

profession. But the concept is sound and seems to need only a cune-
certed effort by teaching sessions to have it mean life for meny
people otherwise doumed to an unexpected and often early death.

Of course, the complete story of reversal of dsath or the sup-
port of life has not been cutlined above. Ths complete picture must
also include time. The rescuer needs time to act. The victim's
reparative processes need time to come into play. The timing of the

‘catastrophe itself \is unexpected and unknown, often delaying the om-

set of resuscitative efforts. The damage of the disease or injury
may be s0 great that prolonged periods of time are required to permdt
the body to repair or recover. For these and other reascns, addi-
tional concepts of life support are being investigated. These fall

into two brosd categories of tissue or organ trersplantation and arti-

ficial internal organs. These are arbitrary delineations but serve
t0 divide atteampts to substitute healthy tissue or organs for that
which is diseased or destroyed from those who attempt to devise mech-
anical substitutes to temporarily or psrmanently take over the func-
tion of such damaged tissue or body organs. Again, there is some
precedent for each. Transfusions of blood ¢ells and plasma, trans-
Pplantation of corneas, bone and cartilege have beer successful vith
proper donors. Artificiel tissue and cygans, such as heart valves,
a cardiac pacemaker or the artificiul kidney, vork well for varying
periods of time. Both groups tend to fail wvhen whole organs become
involved: the organ transplants are rejected by immune mechanisms
developed by the host, and artificiel or mechanical organl tend to

" be too large to meet many logistical regquirements.

The unique power system called "fluild amplification” mentioned
by Mr. Hoxton in the previous address, and by Mr. Woodward in the
1962 session of this Conference, has continued to lend itself to
miniaturization and to overcame sane of the other objections to com~-

. ventional power sources for artificial internal organs. The medical

equipment develomment effort by the Harry Diamond Laboratories and
the Walter Reed Army Institute of Research has been quite reverding.
This offortcnn'bcunedummle of the increasing role of the
) and other scientists in assisting the phyrician to achieve
Tetter patient care, a deeper understanding and explanation of many
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complex body processes and to realize the value of a multiple

&iscipline approach to the solution of medical military pxoblems.

Such miniaturization may lead to the availability of a small
{(ocne cubic foot) heart-lung substitute vhich could be quickly cap-
nected to a casualty's circulation, to take over its vital functiom,
and "buy time" for the victim until conditions sxe optimal for defi-

nitive repair of his injury.

Scme suggestion that this is a reascmable concept follows from
some animel experiments with the Ammy Artificial Eeart Pump. Two

blood flow. Ten dogs were so perfused My a conventicmal steady flow
D and the other ten by the Army Heart Pump set to deliver a pul-
:rut:llo blood flow quite similar to nremal pulsed blood flow, but

‘#till at the same mean pressure aad sinmute flow delivered Wy the con-
ventional pamp. The differemce in survive) weas remariable. IR the

groap of dogs pmped with a steady dlood flow for two hours who were

_. then taken off this artificial circulation, anase survived lomger than
21 hours, and the mean survival times was & hours. Im markad contrest

.- of the 10 dogs perfused with a pulsatile blood flow, sgsin st the
SRn

mean flov and pressure as t'.¢ first graup, survived the two
of

‘ '.uealammﬁﬁodbyﬂndnﬂwormurtnptoﬂnaruﬂdal
dlood

eircuit. The third dog bad inadvertently beem fod on the mom-

maﬁn , rogurgitated stamach contents and could not be

ported by civilian investigators using the Ay Heaxt Pump. DBut as
is often the case, many new questions arise. Wy should a pulsating
Bhsart and an elastic arterial system be the optimal system for aain-
tenance of man's life within the bounds of his boldy's enviromment?

" systems bave been taken over by a steady flov pump? We do not have
" the answers to these and otbher more basic questions - only specula-

tions most of vhich involwve, again, a factor of time. The hman

- - body has great reserves vhich emable it to withstand severe physio-
“logical insults 1. they are of short dwration. Patients who require

artificial circulation for more than two hours, vith conventional

steady flow of blood, have & much higher mortality than those vhoae
disease can bhe repeired in less than two hours. This mey reflect no
more than the severity of the disease, but the possibility that e¢ven

greater achievements in medicine will follow the modification of the




character of the artificial blood flow is more than exciting.

Departing from specifics of medical research, rewarded by
collaboration vith other scientists, one may ask other gemeral ques-
tions. One of paramount interest tc me also involves time and can
be posed: "Whither Army Medical Research?" or even: Whither medical
research? A physician treads his path of treatment of the sick
while maintaining his drive and ambition to learn and teach more of
the mysteries of the body and is at first unawvare that his path is
not cme, but four or more. Ais time passes, his clinical peth of
healing the sick meets a firk which requires him to teach other less
experienced physicians wvhat he has leerned. He is still able to
travel both paths with some expenditure of time, but a third path
brenches off, requiring him to study or 4o research experiments to
dstermine for himself even better ways of curing the ill. Again, his
agility may permit him to progress along all three paths, albeit at
a slower rate than if all his energies could be concentrated on a
single goal. At a time when he might be reconciled to such gym-
nastics, a fourth path locms and must also be travelled, that of ad-
ninistrative duties almost divorced fram one or more of the other
paths. With more time, he finds he is spending more and more time
on one or two paths, working little or nome on the others. How then
is he to be the camplete physician, demanded by his four-in-one
"career"? I do not mow the answer, but part of it lies in the help
and encouragement of other nrofessional people who find themselves on
similar paths requiring some agility. If the travel along same of
these paths coincide between the scientific professions, all of the
paths can be savored and the goal still reached expeditiocusly. I
earnestly request your help und pledges my own.
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CONTROL, AMPLIFICATION, AND FLUIDS

BILLY M. HORTON
HARRY DIAMOND LABORATORIES
WASHINGTON, D. C.

When General Lotz invited me to come and speak before you,
I was first tempted to parade: a list of functions which can be
accomplished by a fluid amplification system; a projection of things
to come; and some discussion of their applicability to military
(particularly Army) problems. Then I decided that *“ose of you who
have a strong or special interest in this field may have attended, or
been represented at, the Second Fluid Amplification Symposium, held
just three weeks ago in Washington; and that in a short presentation
such as this, anything like adequate coverage of activity in this
field would be impossible. I do believe, however, that it is
possible to present the "why" of fluid amplification, that 1s: why
is there such a thing; and why is there such current high interest
in this field? (The current RED budget is several million dollars
annually.) The short answer is that it is a new, conceptually simple,
method of control, the potentialities of which are being determined
and exploited. But of course I shan't stop with the short answer.
Instead I'1l say that the control of energy lies at the root of man's
standard of living and use that as the starting point,

For most of recorded history, the bulk of the energy which
man has controlled has been that which he processes with his body.
At 2500 calories per day, this turns out to be about 3 kilowatt hours,
or about 4 horsepower hours per day (not a whole lot), and most of
this is used to keep him warm,
A 200-pound man walking up a 5%
grade for a 75-hour week accom- -
plishes about 1 horsepower hour ézijJ
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of work. Now man has always

been able to think of more

things to do than he's had the <

energy to do, so it isn't too )
surprising that he began look-

ing for means of controlling
energy beyond that which he

Preceding Page Blank
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himsslf ingested, He¢ has domesticated animals. A man with a horse

can raise this "energy" standard of living by an order of magnitude, |
sven assuaing the horse works only a 40<hour week. (By the way, an

ordinary horse would wear out if
you insisted that he perform
acgording to & one=horsepover

specification (a 125-pound pull ‘ifhr\)
at three miles per hour)).

Wild animals expend large amounts s, 4

~ ©f energy, but neither they nor .

certain stubborn mules contribute ei- , ! \\\
0 this "energy" standard of liv- R\ e

"*?cont?ol is missing.
Directed energy is what man needs and is what he wants in
. order to achieve many of his goals.

o Now he has been a prolific inventor of ways to do this:
~Hle hLime used windmills, sail boats,
‘stater wheels, gunpowder, steam
ngines, gasoline and diesel
“sngines, jet engines, nuclear
ission, and nuclecr fusion as
“means of bringing various sources
= of anergy uwnder his control, He
"hasg 219}  an innovator of

e ticut!as to control and direct
~the ensrgy of other human beings,
“such as slavery, serfdom, and the
totalitaria~ state. Of course
these inst! : .lons are much more
omplex than the physical syatems
1 just mentioned, but I mention
‘them bezause they represent another part of the long history of man's
-effort to achieve a standard of living by augmentation of what he
‘alone can accomplish,
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This Lrings us to the next question: Under what conditions
is the control and direction of some souce of energy worthwhile?
Well, it's pretty obvious that the controlled energy ought to be
greater than the energy required for the controlling procuss, or, to
be a little more exact, the result accomplished by the controlled
energy should be greater than the results which could be accompliahed
by the controlling energy acting directly. If this condition is not
met, the systen E!idly seems worthwhile, If it iz met, then the
process has ification. There are, of course, many necessary and
useful contro 4 o not have amplification, but those with
amplification have received much more attention,

If a string of controls, each having amplification, were
connected in series, then a small amocunt of energy injected as a con-

SRR P

trol to the first could effect the control of larger and larger
amounts of energy down the line. In connecting them together, however,
we get into the problem of the "medium" or the "media" involved in the
process., A windmill is a system for directing the energy of the wind
30 as to turn the millstone, but iz not particularly well suited to
controlling the flow of energy through another windmill system. 1In
other words, you can't connect windmills in cascade very well because

a rotating shaft doesn't control wind., This Input-output problem is
one which greatly hampers any system when applied to any complex
problem (I'll have more to say about this later).

But before we get too deeply involved in a discussion of the
cascading of amplifiers, their ‘
use as controllers, and into

such things as feedback systams,
1'd like to explore a little fur-
ther just what is meant by the
term “amplification", We can say
that a simple lever "amplifies™
force., Or, by moving the pivot,
we can make it amplify" displace-
ment. In this case, as wIEEEEII‘
other simple machines, the fact
that no "other" source of energy
is used means that the energy
amplification is unity or less,
i,e., no more work comes ocut than
goes in, Now no one considers a
sessavw, a wedge, nOr a scCrew an -—
amplifier, but an imprecise

definition of amplification might

well qualify them as such.

11
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Similarly, in the electri-
cal field, a transforuer
can provide a very high
voltage gain., Is it an
amplifier? Since the
voltage gain occurs at the
axpense of a reduced
current, it is no mors an
amplifier than a seesaw,

4
et N i e 7

We need & con-
cept of milricatio: which
will distiipuish batwaen
such things as an electrical
transformer and & vacuum
~ tube, betwaen a hydraulic jack and a power steering system. This
- goncept must deal with the ability of input energy to control output

o g o gl

‘enargy, more of this output .
__energy than comes in as POWER SUPPLY \
--oontrol at the "input". This J

- “meang, of course, that some N g;, ;
- aort of a power supply must
. be availuble to provide this TZ:Z%)

. mgreater amount" of emergy.

© This power source can be
-anything from a fuel cell to
‘an atom bomb.

CONTROL QuTeUT
{INPYT )

: Now in continuous processes, peopla are very often inter- ’
~ ested in energy ratei, 80 We more often than not talk about input
fﬁA;gng:or. output power, and power amplification, or, more commonly,
, :ggggg_‘afn of an amplifying device or of a system. }

I remember once whan a friend seriously questioned the
“wvalidity of talking about "power gain" when the output power was con-
- siderably less than that coming in from the power supply. There was
" some confusion in his mind between the concepts of "gain" and
"efficiency". While the power gain of an amplifier needs to be
'Eggttcr than one to attract much attention, its efficiency will surely
e less than one, since it is just about impossible to modulate or

. gy

control the flow of enargy by any means without some losses in the A
process.,
We've beer discussing an area of thought which has occupied N

man's thoughts for centuries. And he has been very successful in
achieving the kind of control of unergy he desires. For example,
hydraulic, pneumatic, steam, and electrical controls act as amplify- |
ing devices, some giving a continuous range, and some giving only

discrete levels of output power, Today we would class them as either
"analog” or "digital" systems., Up until about a half century ago,

the operation ¢f all these systems required the motion of mechanical
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parts to accomplish their purposes, Now there is no naturei dis-
advantage to moving parte, A steering wheel serves very well, and the
valves it controls do a magnificent job, thanks to a little oil pump
attached to the engine. Similarly, the exciter generator in a power
generating station delivers a large excitation current to the alter-
nator with high efiicfency, and in this capacity, it is acting as an
electrical amplifier, This kind of electrical amplifier is, however,
neither sensitive enough nor fast enough to handle very small radio
signals (often less than a billionth of a watt)., This is, of course,
where the vacuum tube came in, and, as you know, for a half a century
has dominated the high-speed clectrical control of energy for purposes
to0 numerous to mention. In the vacuum tube, De Forest combined the
electric field effects of Faraday and others with the Edison affect to
achieve a control of energy which gave a power gain, and it had no
moving parts. The same medium was used at input and output; that is,
electron flow controlled electron flow. This is a very happy state of
affairs as one contemplates connecting together many elements into
complex systems.

The transistor has augmented the capabilities of, and in
many cases replaced, the vacyum tube but has vetained the two impor-
tant characteristics of: no moving parts; and single medium control.

But this is enough about amplification as an idea, and
enough about electrical systems. Let's see what has been happening to
fluid systems for a few hundred years.

The control valve or gate in a water whesl control system
is a very neat and high-gain fluid controller. The sliding valve on a
steam locomotive and regulating valve on a steam turbine ave effective
controllers of a large power, The flapper valve on a pneumatic jack
hammer serves as an amplifier as it controls its supoly of fluid pvower,
The capabilities of thess controls and many others are such that if
electrical systems had not been developed around the turn of the
century, there is little doubt that fluid distributing systems would
have taken over a considerable burden. In London, Manchester, and
Glasgow, hydraulic powsr transmission systems were installed.
Pressures from 700 to 1600 pounds per square inch were employed. The
fluid was water. Cast iron pipe up to six inches in diameter per-
mitted delivery of 140 horsepower uver a ten-mile stretch with a 10%
line loss. The maximum horsepower which can be transmitted over a
one-mile-long, six-inch-diameter line at 1120 pounds per square inch
is 570 horsepower, While such systems were expensive to install and
maintain, they did operate. Some work was also done on wave trans-
mission hydraulic systems (i.e., alternating current, or alternating
flow systems), some of them were even three-phase systems.

During this same period, pneumatic systems were being
exploited mostly in France. 1In the 17th Century, Denis Papin com-
pressed air with power from a water wheel and transmitted it through
tubes to be used eslsevhere. From 1800 to 1900, many improvements in

13
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compression, distribution and use of air were made as the thermc-
dynamics involved becams better understood. Pneumatic systems became
popular in mines for safety reasons. The ready availability of air
made pneumatics popular for things ranging from rock drills and pneu-
watic wrenches to raflroad brake systems., These systems all require
moving parts to control the air flow. The various valves are acting
as amplifiers, since the controlled energy, or power, is much greater
than the controlling energy.

But thers was one man who sought to operate a pneumatic
system without moving parts. I'd like to quote from the 1947 issue

of the Pritannica:

"A remarkable pneumatic
transmission system was
installed in 1890 by
Priestly in Snake River
desert, Idaho, On the
north side of the river
is a cliff, nearly per-
pendicular, about 300 ft.
high. One hundred and
ninety feet above the
river, for a considerable
distance along the cliff,
streams of water gush out
from between the bottom of the great lava bed and the hardened
clay of the old lake bottom. Priestly, . . ., bullt a pipe line
down the bluff and trained the water into it in such a way that
it carried & very considerable quantity of air in the form of
bubbles along with it down the pipe, compressing it on the way.
The air was collected at the bottom in a covered reservoir, and
taken up the cliff agein to the lower part of an inverted siphon
pipe, cone side of which reached down from the water-supply about
60 ft. and the other side reached up and over the bluff. Allow-
ing the water to fill both sides of the pipe to the level of the
water-supply, he admitted his compressed air at about 75 1b.
pressure into the long side of the pipe near the bott-m, and
soon had water flowing upwards over the cliff and irrigating a
large tract of rich lava land. He had made a power, a trans-
mission and a motor plant without a moving part. A similar com-
pressor was installed near Montreal, Canada, in 1896; another at
Ainsworth, British Columbia, in 1898; and another at Norwich,
Conn., in 1902. Thete are called hydraulic air compressors and
show an efficiency of about 70%, They are particularly adapted
to positions with a large flow of water with a slight fall or
head."
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Some later editions of the Britannica don't have this account, dis-
placed, presunably, by more modern technological developments. But it
would be difficult to find a more elegant system than Priestly's,
sspecially if you imagine how badly he must have wanted that water up
on top of that plateau., Although Priestly's system did not amplify.
it did show a strong appreciation for the simplicity and reliability
of a no-moving-parts system.

Heanwhile, back in the physica laboratory, Edison, in the
United States, and C, V. Boys, in England, performed some very inter-
esting experiments in which they
achieved sound amplification by
vibrating an extremely fine jet

of water, then allowing the jet A

to fall on a sounding board. \
What happens is that the jet — PeoC00
breaks up into droplets whose A
size is determined by the fre- /g
Quency of the aound., In this

case, the first source of energy is the usurface tension energy being
continuously supplied to the surface of the jet by the sources of
pressure. The jet is going to break up onto droplets anyway, as you
know, and the sound wvaves simply determine exactly whers the breaks
occur. The awount of surface tension energy available is small, and
the sound does not have "full control", being able to only slightly
retard or speed yp the stream break-up process., This subdivision into
droplets then controls the timing of the delivery of the kinetic
snergy of the droplets to the diaphragm, and the whole apparatus had a

power gain,

The various ways of controiling energy which I have referred
to 8o far are, except for the transistor, more than a half caatury old.
The tools available for discussing and analyzing them today are,
however, rapidly improving. For example, the concepts of impedance,
gain, available power, and the whole field of network theory permit
rapid analysis of most linear systems. Our understanding of system
stability (and what to do about a "hunting" governor), our ability to
cope with distributed systems, cur "black box" concepts, ocur treatment
of noise, interference, nonlinearity, and parametric changes, and
above all our tendency to look at all systems from an "information
transfer" viewpoint--all of these have warpanted taking a fresh view
of many old systeme. In the particular field of fluids, rapid
advances in aerodynamics and hydrodynamics, spurred on by airplanes,
bullats, torpedoss, rockets, turbines and jets, having provided a much
improved unlerstanding of fluid flow in recent years, though 1 would
hasten to point out that the basic properties in fluids pretty well
assure that analysis on fluid systems will always be more complex
than the analysis of similar electrical systems,

Today a fresh view is being taken of fluid-actuated systems,
triggered by a question I had the good fortune to ask and to answer.
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~ . That question was: Is i+ possible to make an inplificv {one with a
- power gainj, for use in a fluid-actuated system, without the use of
any moving parts? Not a very impressive sounding question, For

sone reason it doesn't seem tc have been asked before, or, if asked,
not answered before.

The answer is, of course, "yes", and such an amplifier is
shown here., All of you are
familiar with the work that
can be accomplished by a

. call the power nozzle to

. provide such a high~speed

" jat or powsr stream. The

- sourca of energy is the pump
* 'which supplidz the nozzle,

" high-speed jet of fluid. A (j::::::>23955=::?:ij::::”
flui?! amplifier has what we v —" ~s:E::::T

In the jet, tha snergy takes

the form of kinetic energy
-~ of translation of the fluid. The control nozzle(s) determine where
.the kinstic energy of this stream is delivered and hence control the
-flow and pressure in each of the two output apertures. An amplifier

such &s this can have a power gain of from 10 to 100, depending upon

Jeot relays which
had been used in the past
apre shown in the 1946 patents

Lt
W i

and of Todd. Both of theae
permit relative position
determination, readout, and
control, but naither of them

and neither is designed to

to achieve a power ga%n.
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show jets deflecting jets for sound generation, feedback signal inter-
ruption and bottle filling, but again none uses the energy of the
deflected stream, none is designed rfor good power gain, and none dis- :
cusses gain or qpplificatign. , -
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Now taking another lock at a fluid amplifier, we see that

it is sensible to connact them
in push-pull, since each is a
*beam deflecting® device rather
than a "beam stopping" device,
a8 ip a triode, But connecting
fluia amplifiers is just about
the biggest problem in this
field. There are good reasons
for the difficulties: first,
the basic forces in fluids in
motion, as shown by the Navier-
Stokes differential equations,
are nonlinear (the irertial
forces depend upon velocity
aquared and the viscous or

~ frictional forces depend upon

7 “welocity); second, the continuity equation must hold (what goes in
must come out).

Now there's nothing new or exciting about either of these,
n;fapbut they do have special significance in fluid amplification systems.
".. With woving parts, it is easy enough to shuir off fluid fiow, Without

‘moving parts, the continuing flow must bs accommodated. Without
- “~diaphragms (the equivalent of blocking capacitance in electrical
o iisystems), this flow must be eithér properly used or properly discarded
" after its energy has been extracted. The fluid nonlinearity makes it
. 4 ready converter of its steady (or DC) flow energy into fluctuating
~ . formg. You have all heard the noises and whistles of fluid jets., Of
. course electrical systems have their noises and parasitic oséillation
too, but nowadays these are under pretty good control, Fluid systems
.tggod the same discipline and more, because of nonlinear effects,

L Lest you get the impression that nonlinearity is, per se,
' a disadvantage, I'd like to point out that without nonlinearities
. - appropristely used, neither present day telephonic nor radio communi-
- cation could operate., In a fluid amplifier, the extreme simplicity
"7 ‘{s a direct consequence of these ncnlinearities and is vary closely
associated with the vector properties of a jet of fluid, without
‘which a fluid amplifier would not work.,

Much more work is needed to clear up this area. Hore

_ attention needs to be given to the processes by which stream energy
gets degraded by the parasite, turbulence, not only because of our
interest in conserving that energy, but, more importantly, because
we want to avoid its showing up as noise. We need to adopt and
adapt techniques from the communications field which arrange for
most of the noise to be generated in frequency bands not used by the
signal. We have hardly scratched the surface in this area, nor in
problems of matching passive components and transmission lines to fluid
signals consiating of combined acoustic and mass transport positions.
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We have been working on a fluid integrator, the basic
alement, for an analogue computer., Mow well it is doing is showm in

this integration. The renge is about fifty times the noise level.

So you see we have much more work to do.
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INTEGRATOR RESPONSE TO A STEP INPUT--TWO STAGE AMPLIFIER

You know that pro-
portional systems can be
made to operate in a digital
fashion by the use¢ of feed-
back: Here we sae such a
flip-flop. By using two logic
elements, this can be made
into a scaler stage.

But Ray Bowles and
Ray Warren discovered a much
more elegant way to accomplish
bistability and digital
operation. They did this by
positioning the sidewalls of
a fluid amplifier so as to
cause the stream to attach to
one side or the other by the
Coanda effect, known since
about 1332, This basic
bistable element has formed
the foundaticn for a whole
rash of digital computer and
controller work throughout
the country, and, in fact, in
a number of foreign countries.

Shown here is one such computer in breadboard form.
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Fluid amplification has its share of zealots (one journal
said ¥Their strange devices can do what is now done by gears, valves,
and vacuum tubes, yet they consist only of weirdly shaped conduits
for streams of liquid or gas").

Then there are others whose reference to a diode as a "f£luid
. control™ element and Coanda's very fine work as thougn it were a
usable amplifier, seem to miss the whole point in achieving the con-
trol of snergy flow, But any field is bound to have a spectrum of
viewpoints. Fluid amplification certainly does, due in part to the
mixture of disciplines which it employs.,

Current rate of activity is high. At the Second Fluid

Anplification Symposium in May, over fifty papers were presented,
touching such topics as:

% o ",..Dissipation of Energy in Free Turbulent Flows..."
i ".soCurved Turbulent Mixing,.."™ "...Undercxpenicd Jets..."
o "'NOil. Reduction..." "Wall Attachment..."
M,seStability of Fluid Systems™ "Acoustic Control of..."
- ."Regponse,..to Step Input" *,,.Characteristics of Vortex Valves"
~ "™Application...to On-Off Control Systems"
"Development...for Multistage Operations"
",..Analog Computation with Fluids" ".,.Fluid Encoding..."
"Application...to Speed Control" "...Hydrofoil Control..."
".soPure Fluid Timers" “Transient Behavior.,."
"Interconnection of Fluid Amplification Elements”
"Staging of Closed Proportional Fluid Amplifiers"

- S0 you see pecple have a variety of interests and ocbjectives.

Probably the most inter—

' -a8ting application of ]
“the Army Heart Pump which

: 2L vEy
! © - . began at the Harry Diamond
B .. .Laboratories (then DOFL) undar “*"™¢ gasengs
i -~% “Mr. Woodward with sponsorship -

=4 - - .-and medical guldance provided ConThoR. ()
; "~ by the Walter Reed Army Insti-

tute of Research, Col. Barila

will have more to say about

this.

HEART PUMP SCHEMATIC

PR
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Hilitaxry spplications of fluid amplification currently being
investigated include: logic and timing circuits for ordnance; rocket
thrust vectoring, missile attitude control; automatic piloting of
aireraft; hydrofoil control; jet engine control; heart massaging; and
artificial respirstion. It is a little early to say just how far this
nev medium will go in each of these fields, but the inherent advantages
of simplicity and ruggedness give strong impetus to the work. The
term "simplicity" above does pot necessarily refer to the state of
understanding necessary to cause an all-fluid system to work properly.
In fact, each device having significantly different charecteristics
usually points out the need for additional fundsmental knowledge of
fluid flow. The resulting practicals impetus to research activity is
aided by the realirzation that all-fluid systems can "think" in the
manner of electronic systems (though not nearly as fast) and that full
exploitation of this capacity requires better analysis and synthesis
of fluld flow phenomena in order to permit more orderly design of

fluid systems.

The rate of development of fluid amplification will depend
heavily upon this inerease in fundamentel knovledge, as well as upon
inventiveness and ingepuity. Its ultimate role in the control and
computation field will not be known for years.
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ARMY PARTICIPATION IN PROJECT SYNCOM

Brigadier General J, Wilson Johnston, USA
Commanding General
United States Army Satellite Communications Agency
Fo#t Monmouth, New Jersey

The SYNCOM~-SATCOM network we shall discuss today is the
newest frontier in a series of U.S. experiments using communications
satellites to transmit instantaneously messages sent between inter-
continental ground stations. Both the Department of Defense and
private industry ‘have long been interested in the development of such
a satellite communication system to improve long distance communica-
tions, because the present comsunications systems are subject to dis-
ruption by natural or man-made phenomena. Satellites offer a means
of overcoming these serious limitations.

To provide some background for a description of the current
SYNCOM=SATOOM network, I will first review the several types of com-
munications satellites. Satellites fall basically into two categories:
active and passive. Passive satellites merely act as reflectors of
radio energy received from ground stations, while active satellites
contain electronic equipment to retransmit signals.

SLIDE ] ONe "“SATELLITE COMMUNICATIONS CAPABILITY"

This slide shows both passive and active communications
satellites. Three types of passive satellites are shown: the earth's
natural satellite, the moon, which has been used by the Navy in their
MOON BOUNCE experiments between Maryland and Hawaii; the ECHO balloon
satellite; and, finally, the Project WESTFORD dipole belt.

The active category can be subdivided into medium altitude,
random orbit satellites; and high altitude, synchronous orbit satel-
lites. The Army's COURIER, NASA's RELLY and the commercial TELSTAR
are examples of the former. NASA's SYNCOM satellite, which we will
discuss today, is the world's first high altitude, synchronous orbit
satellite.

SLIDE 2 ON. "24-HOUR SATELLITE COVERAGE"
23
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The next silide shows the communications coverage obtained
using a stationery satellite stationed at 55 degrees west longitude,
approximately the original position of SYNOOM II, which was in an
inclined synchronous orbit, from mid-August 1963 until 17 Merch 1964,
when the satellite was commanded to move to its present position in
the Pacific. You can see that with cne satellite at an orbital alti-
tude of 22,300 miles, links can be provided to sll the cepitals in
North and South America, Burope and Africa.

SLIDE 3 ON. “MEDIUM ALTITUDE ORSIT EARTH COVERAGE"

In contrast, the coversge of a random orbit satellite at
5,000 miles is shown on Slide 3. Because of the iower altitude,
coverage is slightly reduced. More important, since this type of
satellite is not stationary, the pattern of coverage is continuously
aoving in the orbital direcilion. This means that to provide highly
reliable, continuous, world-wide communications, as many as 30 such

" satellites would be required. (This disadvantage is, I must add,
partially offset by the relative simplicity of a medium altitude

satellite.)
The Army has had & long background of experience in com-

© munications satellites, and I em going to show same exscples of esrlier
- axperiments.

SLIDE 4 ON. “SATELLITE BACKGROUND"
The first satellite communications experiment of the Army,

conducted by the Signal Laboratories at Fort Monmouth, N.J. in 1946,
. mas a project called DIANA, wherein Signal Corps scientists bounced

radio signals off the moon.

SCORE represents a later experiment in December 1958, when
the Ammy Signal Laboratories participated in Project SOCORE, which was
the world's first active repeater type communications satellite. This
was the satellite that broadcast President Eisenhower's Christmas
»essage. .

More recently, in September 1960, the Army Signal Labors-
tories at Fort Monmouth further advanced the state-of-the-art in
Project COURIER, which was a highly sophisticated successor to SCORE.
This was designed to be a delayed repsater but could also be used in a
real-time mode, and operated with ground stations in New Jersey and
Puerto Rico.

ADVENT was a program initiated at about the same time as
COOURIER, but for a far more complex stationary satellite. The manage-~

* ment of this tri-service program was assigned to the Ammy, but becasuse

of technical problems in the sstellite and rocket booster, the pro-
gram was reoriented in sarly 1962 to the present military medium alti-~
tude program.
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With this as 2 background, let us look at the Army support
of NASA in the SYNCOM program. Under a joint DCD/NASA arrengement,
the U.S. Army Satellite Communications Agency, or SATCOM Agency as it
1s often called, was charged with providing this support using sssets
derived from the DOD ADVENT Project. The SATCOM Agency was created in
1960, and many of its members are "old hends™ who have participated in
those earlier satellite cosmunications projects that I have mentioned.

The agency was formed to provide the communications stations
and to plan, conduct, and evaluate satellite communications tests for
the Defense Communications Satellite Program. As a result, it was
prepared to perform these functions for NASA's SYNCON Project, and we
have enjoyed very fine working relations.

In describing the Army participation in SYNOOM, I should
like to first tell you about the spacecraft, which was built for and
launched by the National Aeronautics and Space Adminjistration.

SLIDE 5 ON. °“PROJECT SYNCOM®

The SYNCOM spacecraft is a synchronous altitude setellite,
It is shown on this slide. The satellite was built by the Hughes
Aircraft Corporation. It is about 28 inches in diameter and weighs
about 85 pounds in orbit. It carries, in addition to communications
gear, a small “on board" propulsion system for orbital corrections.

The ground commmnications support for this proj:ct was de-
veloped, engineered, installed and operated by the Army. The complex
consists of fixed terminals at Fort Dix, New Jersey and Camp Roberts,
California, several transportable terminals and one seaborne temminal,
the U.S. Naval Ship Kingsport. I shall describe these in some detall.

SLIDE 6 ON. *FORT DIX"

This slide shows the large, fixed, high precision research
terminal AN/FSC~9 located at Fort Dix, N.J. The Fort Dix station has
a large, parabolic antenna with a tracking accuracy of plus or minus
0.024 degrees, and an associated operations building. The antenna
weighs 190 tons and is 80 feet high. The diameter of the dish is 60
feet. This antenna stands on a massive concrete foundation 30 feet
deep and 84 feet wide.

SLIDE 7 ON. “CAMP ROBERTS®

This slide shows the fixed SATCOM ground station at Camp
Roberts, California, which is the electronic twin of our Fort Dix
station. It first began transmitting to the Kingsport via SYNCOM II
on August 8th, when the satellite first came in “sight®, The next

day in a public demonstration, messages were tranamitted which set a
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recoxd for the greatest distance (sbout 7700 miles) ever eparned be-
tnnnurn points on the earth's surface via an active communications
satellite.

SLIDE 8 ON. “USNS KINGSPORT®

This slide shows the shipboard texminal Jocated initially in
the harbor of Lagos, Nigeria. This location was selected because it
is near the area where SYNCOM first sntered its synchronous orbit over
e8st Africs, theredy providing a facility to control the satellite and
to comunicate with it. The Kingsport terminal featurus a 3J)-foot
dismeter antenna housed beneath the redome, and has & tracking accu~
racy of plus or ainus 0.03 degrees. Same five and one-half hours
after launch, the satellite was given the final command to place
itself in 8 near-synchronous orbit; and you can imagine our relief
when this command was executed properly and we were able to send our
first msssage through the satellite.

SLIDE 9 GN. “LAKEMURST TERMINAL"

This slide shows one of our transportable terminals, the
, » in its location at Lakehurst Naval Air Station, N.J. It
--wae designed to work with the SYNCOM sctellite, and to provide the

~-main terminal in the United States to work with the Kingsport. This

__temminal 1s capable of being moved aboard sircraft or ships or on the

-~ xosd, and 1s completely housed in eleven vans. At present, we have an

identical temminal installed in the Philippines in preparation for the
launch of SYNCOM III. The antenna reflector is disassembled and
hauled on a separate trailer. The antenns weighs approximately 25
_tons, and when erected, is about 40 feet high. Its dish diameter is
30 feet, and has the same accuracy as that aboard the Kingsport.

SLIDE 1Q ON. "SYNCOM SPACECRAFT ORBIT CONFIGURATION"

I would now like to illustrate by this slide the journey of
the SYNCOM spacecraft since its launching on 26 July 1963. The launch
was from Cape Kennedy, then Cenaveral (Point 1) and was boosted by a
Thor-Delta rocket, which carried the satellite as shown on this sequence
diagram (Point 2) where the final burn of the Delta vehicle occurred
and it wis separated from the spacecraft. The satellite then coasted
for approximately five and one-half hours until it reached the 22,300
mile altitude (Point 3), where a solid fuel rocket aboaxrd the space-
craft was fired to place it in a near synchronous orbit. From that
point, the satellite began to drift to the east, but following a series
of comminds sent to the satellite by a NASA control group aboard the
Kingsport at Lagos, Nigeries, the direction of drift was changed to the
west, and on 15 August SYNOCOM II arrived at its final position of 55
degrees west longitude, centered over Brazil. After final orbital
velocity corrections, it remained at this nominal longitude until 17
March 1964 (Point S5). During the drift period the attitude of the
spacecraft was changed on command to optimize the sntenna pattern with
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respact to the earth.

Because of booster limitations, it was not possible to
place the satellite in » completely oquatorhl synchronous orbit,
and as a result the plane of the satellite's orbit is inclined to the
equator, Therefore, the satellite during each 24 hours, moves back
and forth across the ator and, with respect to a point on the earih,
traces a figure olmt.?‘ int 4). It always crosces the equator at
approximately the some point each dsy; for example, it drifted only
one quarter of one degree in the 30 days betwesn 15 August and 14
September. 1 should point out that sufficient fuel is abosxrd the
spacecraft to perform "station keeping”, or the maintenance of a
nearly constant longitudinal position for a period of at least three
years.

We leave the redioc beacon in the satellite on 24 hours &
day, but only turn ths telametry on periodically te determine the
condition of the spacecraft. All of the stations described axcept
Cemp Roberts could see our relay station in space for 24 hours esch
day. Csap Roberts could see it for 16 hours each day.

SLIPE 10 OFF

Oon August 23rd, President Kennedy formally inaugurated the
SYNCOM~SATOOM network in a conversation with the Nigerian Prime
Minister, employing our Lakehurst transportable terminal and our ship
station in Lagos, Nigeria.

Last September we participasted in a SYNCOM-RELAY test c¢ir-
cuit which provided voice communications from Africa to South America
via North America. This was the first time two setellites were linked
in the same circuit. The voice circuit began at our Kingsport statien
in Lagos, Nigeria, and passed through SYNCOM II to our Lakehurst sta-
tion. It then went by overland wires to the International Telephone
and Telegraph Corporation’s space station at Nutley, N.J., which
passed the circuit through RELAY to another ITT station on the out=-
skirts of Rio de Jansiro.

SLIDE 11 ON. “MARK IV(X) TRANSPORTABLE TERMINAL"

This slide shows the highly transportable terminal acquired
by the SATOOM Agency just last December. It is a "breadboard™, using
mostly off-the-shelf components. It has a 15 foot segnented antenna
on & searchlight mount. JIts overall weicht is under nine tons. To-
gether with its crew, it can be transported in one C-130 aircraft and
be set up for satellite communications in a few hours. 1In spite of
its size and simplicity, it performs remarkably well with SYNOOM., It
has been demonstrated to representatives of a great many military
agencies, including the STRIKE Command at Tampa, Fiorida, and the
Army Coamanders Conference in Washington, D.C. Its obvious tactical
potentialities have created a great deal of interest.
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SLIDE 14 OFF

Spectacular demonstratiors of the SYNOOM Satellite Communi-
saticn network, demonstrating its space communications capability for
transmitting voice, teletype, and phetographs, have overshadowed the
very sxtensive and ciorough experimental engineering test program
which has been in progress since the successful launch of the SYNCOM
Ii satellite. Over 2,250 hours of comminications tests have been
conducted. T:esa include fifteoen separate types of tests for evaluat-
ing the feasibility of global comsunications using a setellite such as
SYNCOM II as a 24-hour relay for voice, teletype, and photo facsimile

- trafflc between U.S. Army SATCOM Agency ground terminals. These tests,

“when completely evaluated, will define the technical capabilities of
the SYNCOM-SATCIM type network and derive appropriate information as
8 basis for future systems. This test program is an extremely compre-
hensive one which will provide a concept of the testing which will be

~ requirad before a space communication network can become truly opera-

tionale

The communication test objectives for the SYNOOM program

are to demonstrate that a synchronous satellite relay systam can pro-

vide 4 satisfectory global communication link and to determine the

... overall performance of these links in a number of communication modes.
“The philosophy upon which these system tests were based is to maintain
~ “simplicity of operation while still deriving a maximum of information.

Within the framewcrk of this philosophy, it was decided to record, on

- magnetic tepe, 211 test signals that would lend themselves to this
 tachnique. In addition, three special test tapes were devised which

contained highiy concentrated variations of all of the test tapes.
These special tapes were used in the early part of the program to ob-

- _tain the most comprehensive data as soon as possible in the event of

“an early failuve of the satellite repeater. Each test tape included
its own calihration tones and test signals as well as a record of the
operating mode applying to that particular test,

To understand the variety of testing regquired, it must be

“realizad that the SYNCOM ground terminals have seven operating modes.

‘These include receiver band widths, which can be selected in discrete
steps from 10 kilocycles to 100 kilocycles; transmitter deviation-,
which can be adjusted in discrete steps from 4 kilocycles to 5C kilo-
cycless and a capability for accommodating information base bands at
either 4 kilocy:les, 20 kilocycles, or 50 kilocycles. In addition,
the receiver is capable of operating as a frequency modulation de-
tector or in & frecuency modulation with feed back mode.

Because of the large number of variables affecting system
performance, such as environmental chances, variations in equipment
characteristics and operating conditions, the evaluation of the data
derived was made on a statistical hasis. The tests and evaluation of
the results ware therefore planned to provide a maximum of statistical
information.
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The communication experiments performed were ciassified into
three major groups: namely, demonstration, technical performance, and
technical characteristice tests. The demonstration tests, performed
primarily with live inputs, were designed to dumonstrate qualitatively ]
the system performance and to evaluate those system characteristics,
such as the effects of ¢« cho and delay, which are best measured through
user appraisasl, The technical performance tests, performed primarily
with input signals derived from the prerecorded magnetic tapes were
intended to measure quantitatively the systee communication perform-
ance as a commnication link and provide the basis for statistical
analysis. The technical characteristics tests, using both live and
taped signal inputs, were intended to measure quantitatively the link
characteristics,

While the SYNCOM II satellite communication links could
support a greater channel capacity, primary emphasis was placed on
evaluating the system performance based on 4 kilocycle channels.
Thus, the results which I will briefly review are those obtained for
a single nominal 4 kilocycle voice channel or its equivalent.

SLIDE 12 ON. “RESULTS OF COMMUNICATIONS TESTS®

This slide .ives a summary of the test results for a typicsl
24-hour period. The transmitter power radiated from the ground ste-
tion during this test was 10 kilowatts, which satursted the limiter
of the spacecraft transponder, thereby removing any level variations
assoclated with the up link.

The first entry on this slide gives the maximm and minimm
signal levels over a 24-hour period and those which have been cal-
culated from the system parameters. Agreement between the measured
values and the calculated values is excellent as showmn in the last
column.

The second entry of the chart gives the maximwm and minimum
communication signal levels obtained at two of the terminals partici-
pating in this experiment. These show the normal variations of signal
level with range as the SYNCOM satellite drifted from its maximum
northern excursion to maximum southern excursion, about its synchro-
nous longitude.

In the last entry we see the signal plus noise to noise
ratio for the 4 kilocycle baseband mode which offered the best per-
formance, ranged from a mean value of 31 db to a maximum of 40 db.
The mean average of 31 db provides a communication link which is con-
sidered to be of sufficient quality to consistently satisfy an
average telephone subscriber. It should be noted thst an equatorial
synchronous satellite would not be subject to these varistions in
signal level, since it would remain fixed both in latitude and longi-
tude.
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" circuits employing echo suppressors has been directly associated with
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In addition to the technical tests, various demonstration
and special tests were conducted through SYNCOM. Among the most sig-
nificant of these were in the study of echo suppression and deley e¢f-
fects. To date, round trip time delays of sbout 0.6 seconds, typical
of the circuit lengths associated with & synchronous altitude satel-
lite repeater, have been theorized by meny authorities to constitute
an unaccepteble by-product of synchronous satellite communications.
Two effects can be attributed to this delay. The first is that a
result of an imperfect termination of the hybrid associated with a "
two-wire telephone circuit is the generation of an echo. When this
echo 1is delayed by an appreciable period of time, due to the extremely i
long circuit length, the result is an almost intolersble cosmunica- {
tions circujit. Echo can be virtually eliminated as I will describe
in s moment. The second effect is that of the delay alone, even in ‘
the absence of ccho. This is an unalterable factor dictated bylthe
cizcuit length and its presence may so disturb the psyche of the
averasge talker as to render the circuit unacceptable.

In all operations of the SYNCOM communications satellite
system, involving transitions from two-wire to four-wire circuits,
ocho suppressors were employed to eliminate the echo which is attend-
ant on such transitions. The major problem encountered with two-wire

low levels occasionally encountered on telephone lines. Operation of
the echo suppressors &t the higher signal levels encountered in most
of the demonstrations, howsver, was completely satisfactory.

The psychological effect on an average talker of the 0.6
second round trip delay with the echo suppressed has been the subjact
of much discussion. Out of more than 1,000 participants in these
demonstrations, only two cases have been observed where talkers ex-

_ perienced difficulty 4n attempting to spesak over the spacecraft cir-

cuit because of the psychological effects of delay. These are con-
sidered rare and extreme cases. What has been indicated is that if

-7#n adjustment is required, the average talker mekes this adjustment

unconsciously in a matter of a few seconds. These reactions have been
observed without any prior briefing of the talker.

1 had hoped to tell you about SYNOCOM III and the results of
the tests which we will conduct, utilizing it as a communication relay.
It was scheduled for an early May launch; however, the lsunch has been
delayed until a later dste, I will, therefore, only te able t0 des~
oribe, briefly, its scheduled performsnce.

It will be launched to the 22,300-mile altitude by a Thrust-

~ Augmented Delts launch vehicle, which will be performing its first

NASA mission. Because of the incressed performance of this booster,
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it will be possible to put SYNCOM 1II into a near equatorial synchro-
nous orbit. It is expected that both SYNOOM 1I, which has been drift-
ing westward at a very slow rate, and SYNCOM III will be positioned

in the Pacific area and after a series of engineering tests simiiar
to those that I have described for SYNOOM II, both SYNOOM II and
SYNCOM III will be utilized in an RRD operational exercise to sup-
port trans-~Pacific communication circuits,

What are the implications for the Army of the successful
launch of the SYNCOM satellite? This is difficult to answer since it
is the Department of Defense, not the Ammy, which manages our com-
munications satellite programs. However, by utilizing SYNCOM, the
Army is gaining valuable experience in the conduct of communications
employing satellites. Furthermore, with SATCOM fixed stations on
both the east and west coasts, with several transportable terminals,
and a mobile shipborne teiminal that can be deployed anywhere in the
world, we have in being now a small strategic communications capa-
bility within the R&D system configuration we zre testing.

We have been fortunate that we have had working with us in
this project the Ammy Electronics Laboratories at Fort Mommouth,
which developed the transportable and fixed ground terminals. We
were also fortunate t¢ have the Navy Bureau of Shipn develop the
floating terminal aboard the Kingsport.

CONCLUS ION

This entire project has been a2 demonstration of cooperation,
understanding, and a whole-hearted desire to make the project succeed.
We have demonstrated technical achievements, effective coordination

- between departments of the govermment, and complete service coopera-
tion. I should also like to credit the very important role played by
industry in helping NASA and the DOD achieve this important advance
in space communications.

With such technical capability, cooperation and respect
among the participants, 1 am confident that this country will soon
possess the capability of having a world-wide oporating communication
satellite system.
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EFFECTS OF ALLOY SEGREGATION CN SPALLING
OF METALLIC ARMOR MATERIALS

K. H. ABBOTT
U. S. ARMY MATERIALS RESEARCH AGENCY
WATERTOWN, MASSACHUSETTS

INTRODUCTION

Metallic\armor alloys diesplay a number of undesirable
behavioral characteristics when attacked by armor~defeating ammunition.
Among these is the spallation phenomena which is a process by which
dicke of armor are ejected from the rear surface regardless of whether
the armor is otherwiae defeated. These disks, or spalls, are of much
lerger diameter than'the hole which would normally have been formed
in the armor by th: projectile and vary in thickness from about 20%
to 50% of the armor thickness. They may be ejected with a suffic-
iently high velocity to effect considerable dems,c to personnel and
equipment behind the armor. Obviously, from an armor-protection view-
pcint, spallation is undesirable.

The spallation phenomenon in metallic ai*mor materials is well
recognized and is utilized as a mechanism for <he Jefeat cf armor by
HEP chell., With HEP shell, epallation is induced by tensile siresses
resulting from the near surface reflection of a comiressive shock
wave caused by the HEP shell deformation. Spallation also cccurs in
ernor materials when impacted by kinetic energy armwr-piercing pro-
jectiles or fragments from high explosive shell. A typical example of
epalling in titanium alloy armor under attack by kinetic energy pro-
jectiles ie contained in Figure 1. In these cases, shock waves are
usually not involved hut elastic wave propagation in the armor usually
orovides the ctrees field in which spallation develoos,

Regardless of the terminal ballistic situation in which it
occurs, spallation is a fracture process. All fractures are character-
ized by a fracture origin and some particular fracture path which is
dependent on the stress field and inhomogeneities which usually
exist in metals. The fracture origins are located at discontinuities
in the metal which caure stress intensification. In alloys, these
dircontinuities may exist in the form of inclusions, smail voids,
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grain boundary defecte, or other metallurgical discontinuities where
high residual atress gradients exist. A typical tensile fracture
origin located at a nonmetallic inclusion ie contained in Figure 2.(1)
Once a fracture originatee it uevally propagater along a preferred
path requiring low energy absorption ae long as the direction of pro-
pagation ir compatible with the stress field which is providing the
fracture driving force. Examplee of low energy preferred fracture
pathe are metallurgical grain boundaries, dendriters in castings, and
alloy regregation bande in rolled plate such as those illustrated in
Figure 3. Since spallation begine under teneile strees perpendicular
to the armor plate eurface, fractures propagate parallel to the armor
plate surface. As the crack propegates, however, bending moments and
rhear streeser develop which turn the fracture direction normal to
the plate surface to complete the spallaticn process.

R MR
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One way to minimize spalling in armor alloye is to make them
softer. Thie permits energy absorption by plastic deformation of
the metal even if fractures develop. However, reducing the strength
of armor metal alro r?gyces its resistance to penetration by armor-
piercing projectiles and is undesirable. Another way to minimize
epalling ie to reduce the number of fracture crigin eites and low
enargy fracture paths which exist in the metal. Thie paper is con-
- cerned with the second of these two alternatives and is restricted to
~ . epallation under kinetic energy projectile attack, '

SOME ALLOY SOLIDIFICATION PHENOMENA

S When steel or titanium alloy ingots of non-eutectic composi-
* ""tion solidify, dendriter are formed during the freezing process.
" These dendrites have been characterized as "pine-tree like" in shape
. ap 1e evident irom the photograph of a steel armor casting dendritic
“etructure in Figure 4. For information on the morphology of dendritee,
" the reader is referfs? to another paper given at this conference by
Aheern and Quigley.‘”’/ A few general comments about dendritic struc-
- tures will be made, however, hecause of their relevancy to fracture
. in general and the spallation phencmenon in particular, :

o During the dendritic freezing procees, the dendrites freeze
« " prior to the interdendritic volumes and with a lower concentration of
+ . ®olute atoms. This cfzgentration difference can be as great as &
++factor of 20 or more,'“/and it ie nct at all uncommon in steel for the
_ " concentration difference to be as great as a factor of 4.\° Herice, the
. .dendrites are of significantly leaner alloy content than the interw
_ Qendritic volumes, When dendritic growth ie essentially complete, the
- remaining metal in the interdendritic volumes solidifies. When this
occurs, 1liquld motal feeding to these volumes ie inhitited by the
dendrite arme amd microporosity forms. Examples of these small voids
which are potential fracture origin eites are contained in Figure 5.
Aleo evident in the figure are den.rites (light areas) and interden-
dritic volumes (derk structure). Another type of pctential fracture
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origin site, inclusions, generally flcat in the liquid metal until
they are rrozen in place and, ap a result, tend to occur predominantly
in the intercondritic volumes, Figure 6 dieplaye severtl ..all
inclueions (white) in an interdendritic volume (black area). Micro-
poroeity and inclusions which become distributed in an ingot during
sclidification always fe§aiue in spite of forging, ruvlling, or other
deformation processes.{4) Inclurions tend to become elongated during
working of an ingot into plate form, and microporosity bacomes very
difficult to locate as a result of the working deformation, Micropor-
osity and inclusione then can be coneidered as incipien. fracture
origin sites, Alloy segregation, on the other hand, theoretically can
be removed from an ingot through diffumsion.

In steel castinge and ingots, homogenization treatments have
been employed historically to permit alloy diffueion into t?g den-~
driter. Such treatments have been singularly unsuccesesful, )In large
rteel cartings and ingote, the dendrite arm spacing (the distance
through which diffusion muet take place) is usually between 300 and
1000 microns, except for surfaces which have smaller dendrite spacings
because of solidification under high thermal gradients. The coeffic-
ients for diffusion of nickel, manganese, and chromium in iron are such
that for complete diffusion to occur over these diestances, several
hundred to several t?ouaand houre at temperatures of 2100 F to 2300 F
would be required.(4 Such a time-temperature situation is economically
impracvical and, ar a result, steel and titanium armor ingots contain
alloy segregation as well as microporosity and inclusiones as & result
of ingot solidificatlon.

SPALLATION IN CAST STEEL ARMOR

Large eteel armor castings such as M-60 tank turret or hull
castings receive no mechanical working but are given a liquid quench
and temper heat treatiment. Lean alloy steels are employed for cast
steel armor ae a result of the World War II alloy coneservation program.
These castings have a very coarse dendritic structure with the spacing
between derndrite arms of about 500 to 800 microns with a large amount
of microporoeity present. (Micropores are smaller than the resolution
limit of X rays used to inspect the castings and are not detected by
this technique.) Because of the coarse demdritic structure, alloy
esegregation associated with dendritic growth ies very evident and is
not removed by commercial homogenization treatments. The alloy con-
tent difference between dendrites and interdendritic volumes results
in a hardenability difference during the quench and temper heat treat~
ment. Evidence of this hardenability difference is contained in
Figure 7, where the higher alloy interdendritic area (dark) has a
much higher hardness,because of its higher alloy content, thar. the
surrounding dendrites. The casting area contained in Figure 7 is
about 2 inches below the surface of an M-60 turret casting where the
section thicknese is about 5 inches. 1In Figure 8 are views of a den-
drite in the rame caeting location and the micrortructures of both
the dendrite and adjacent interdendritic volume. Notice that the
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interdendritic volumes with their high alloy content are quenched to

a martensitic microstructure which is deeired in steel armor. However,
the dendrite with its lower alloy contert contains significant amounts
of bainitic microstructure.

A martensitic microstructure ies desired in steel armor since,
at low ambient temperatures, martensite providee much ?oge resistance
to crack initiation and propagation than does bainite. 7)1In heavy steel
armor castings, however, at depths greater than about 1-1/2 inch below
any surface, martensite is present in interdendritic volumes with the
dendrites containing bainite. Hence, when ballistic impacts are made
on these castings at sub-zero temperatures, the dendrites serve as low
energy abeorption fracture paths. Since, in these casting areas, the
dendrites are oriented heterogeneously, cracks can propagate in almost
any direction. That they can propagate in a favorable direction for
spallation is evident from the many spalls which have been observed.
Theere crack surfaces have a very rough texture caused by the crack
propagating along one dendrite arm and then jumping to an adjacent
dendrite. When viewed at higher magnification (Figure 9), the rough
texture is evident, as is the dendritic nature of the spsllation crack
process.

Spall crack initiation eitee in cast armor are extremely
.difficult to detect, but these aites in general are discontinuities
which are responsible for stress intensification. Microporosity and
inclueione are present in these cas.ings and are most probably the
epall crack o.igine, In any event, solidification phenomena such as
. alloy segregation, microporoeity, and inclueions provide both th»

- " fracture origin sites and low energy fracture paths which result in

spallation of the castings under ballistic test by kinetic energy
projectiles at sub-zero temperatures.

WROUGHT STEEL ARMOR

When a steel ingot is processed to billets and finally to
plate form (1/2 to 1 inch thick), it undergoes extensive deformation
at moderately elevated temperatures. Such severe working breaks up
the dendritic structure and rearranges the alloy segregation such
that it becomes manifest as a banded structure similar to that con-
tained in Figure 3. One might assume that such working would effect-
ively reduce the distance through which segregated alloy elements
would diffuse and, hence, homogenization trea?m?nta could eliminate
the alloy segregation. However, recert work (5)has shown that even in
steels reduced by working by a ratio of about 3000 to 1 the saverity
of alloy segregation is not reduced significantly from that of the
original cast structure. Wrought steel armor plates, then, contain
alloy segregation bands. Although they are not easily visible, the
caeting microporees are aleo probably present as very thin crack-like
defects. With deformed inclusions and micropores present in the
wrought platez and banded structures containing alloy segregation, both
potential epall crack origine and low energy absorption planes parallel
to the plate surface are present,
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An example of spallation amsociated with banding in air-
melted hot-rolied steel armor is contained in Figure 10, Since this
alloy is strengthened by #0lid solution hardening, microhardneas
variations from one band to the next are very evident. Notice that
the hardnese difference betwsen light and dark bandes i& about a factor
of 2. It is alszo interesting to note that the spacing between adjacent
band centers is about 6C0 to 800 microns which is equivalent to the
dendrite arm spacing usually found in large low alioy steel ingots.

New techniques for obtaining and controlling higher purity
eteel melts, such as vacuum melting, have little effect on alloy segre-
gation since the segregation arises during freezing. An example of
spallation in vacuum-melted.steel armor is contained in Figure 11.
This meraging steel was double consumable electrode vacuum melted, yet
both spallation and alloy esegregation banding are evident irn the
figure. Since this steel is strengthened by precipitation hardening
rather than solid solution hardening, no hardnese variation between
adjacent bands ie evident. There ie probably a difference in precipi-
tate concentration between adjacent bands due to alloy segregation,
but the precipitates are so small that they are difficult to detect
even with electron microascopy. —

Both sxamples (Figuree 10 and 11) of spallation in rolled
eteel armor occurred ¢ . ing ballistic tests at room temperature and
would probably be much more severe at sub-zero temperatures due to
the ductile-~brittle fracture transition in martensite.

WROUUGHT TITANIUM ARMOR

That spallation is g}ao a problem in wrought titanium armor
1s ovident from Figure 1.(8) A11 titanium alloys are double consumable
electrode vacuum melted. In addition, since the interstitial elements,
C, H, 0, N, cause severe embrittlement in titanium alloys, they are
held to very low concentration. With low interstitial contents,
inclueione are also minimized. Alloy segregation, however, is still
evident through dendritic growth and exists as a banded structure
after hot working to plate form,

A typical ban?g? structure in titanium alloy armor is dis-
played in Figure 12, The 6A1-4V alloy is strengthened by solid
eolution hardening; and, as a result, rather large hardneas differ-
ences exist between bands. The light bands in the figure are harder
than the dark bands with the hardness difference between adjacent
bands as large as 13 points Rockwell C. Generally, the harder bands
have less rnsistance to crack propagation than the soft bands, and
spall cracke would be .expected to propagate in the white ban?g
Evidence of such crack propagation is contained in Figure 13 )where a
spall crack is shown propagating in a white band.

Although thie paper is concerned primerily with spallation
and ite relation ®©alloy segregation, inclusions are significant
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contritmtors to the epallation phenomena in titanium alloy armor.
Even with the carbon content held to a maximum of 0.02 weight parcent,
titan’um carbide inclueione form an? ’ppear to concentrate in the
vwhite banded layere. 1In Figure 14 8) 1e a photograph of a titanium
carbide inclusion aligned with & spall crack in 6Al-4V titanium alloy
armor. The prerence of elongated hard particles such ar these con-
tribute to the propagation of cracke during the spallution phenomena.

SUMMARY

Several illuetratione of the spall crack propagation in cast
and vrought metallic armor alloys have been presented. Dendritic or
banded structures resulting frum alloy segregation during e=olidifica-
tion of the metals have been rfhown to be related to a2pall crack propa-
gation. Neither working nor short-time homogenization treatmente
significantly effect the alloy segregation. Hence, minimization of
the banding (alloy segregation) appeare to be dependent on a better
underestanding of, ar well ar control of, the solidification process,
The Army Steel Cartinge Research Program has been initiated by AMRA
to study eolidification phenomenon in steel caetinge. Resulte from
that program will to of importance to both cart and wrought armor
alloye where minimization of alloy segregation will reduce spallation
and lead to the development of alloye with increased resistance to
penetration,
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Figure 5. MICROPOROSITY IN Figure 6, INCLUSION3 AND ALLOY
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mgl CROSS~-GUIDE TRAXSDUCER AND ISOLATOR

JOEN P. AGRIOS, C. D. NEUDORFER, R. A. STERN
U. S. ARMY ELECTRONICS RESEARCH & DEVELOPMENT LABORATORTES
FORY MONMOUTH, NEW JERSEY

In the camparatively short time between World War II and the
present, the reguirements of militar; comyunication and svrveillance
systems have not only became more camplex but alsc have Leen increas-
ing at a fantastic rate. As a result, we recuire cur “ranmmitting
systems to deliver larger amounts of power and our Tecziving eystems
to be extremely sensitive. To date, rectangular wzveguide hes been
utilized primarily from 1000 mc and up, in view of its low=loss char-
acteristics and high power capabilities. BHowever, vhen the transmis-
sion line distance over which m! ~rowave enecrgy must & transmitted
froa one point to anothaer becames appreciable, rectangular waveguide
ceases to be efficient. For exsmple, if one used rectangular wave-
guide to transmit a signal over a distance of 100 feet at 9000 mc,
kalf of the power would te lost in the waveguide, which 1s very costly
when one is considering high power. The converse is also true. Wben
8 low level signal has to be transmitted from the antenna to the
receiver complex, minimm attenmuation is not only required from the
loss pcint of view but also from a consideration of the overall noise
figure of the receiving systm. Hence, another type of transaission
line 18 required to satisfy the requ’rements of these systems.

Inveztigatora have been seekring other efficient types of
transeission lines for years. Among the many varieties of such lines,
the circular wavegulde offers same exceptionally attractive features.
The TEg) mode of the circular waveguide not only offers the minimum
loss charscteristices of the majority of tranmmission lines, but its
high pover capabilities are superior to others. JFor example, at
9000 mc this waveguide offers a loss of .45 db per 100 feet or 15%
of the loss of rectangular waveguide. Its high power capability is
ggproximately seven times that of rectangular wvaveguide. Unfortun~
ately, this mode is not the dominant mode and cther modes can propa~
gate in the line; such mode comversion will be reflected as an
sdditional loss. However, if extreme care is taken in the design
and fabrication of circular waveguide components, these modes will
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2ot be excited and the advantage of minimwm less will be maintained.

Ve at UBAELRTL, have recogmised the sadwvanmtases of nirenler
waveguids compstsuts for quite semo time. We have comducted several
izvestigations, extermally and internmally, to design appropriate

componants. This peper discusses two particwlar oircular waveguids

CTmponents, which ve al UGARLIIL have developed internally. The

The great majority of present day microwve power sources
are ouly availsable in 3 wavegiide eutputa, operating in

the domimant TH1p mede (TH1g). HNemce, trassducers are required to
transform the microwave energy from this mode in rectangalar wave-
gulde to the TRg) mode in cirowlar waveguide (TEp)). Furthermore,
since limcarly yolarized wmyves are regquired at the antemng for redia-
uudﬁommdnip‘l,tmmmmgmctthe
«mwmmmmmwmqom These trans-
Grcers mast de ast omly campact, dut efficieat. The presence of
other modas mast bde at s minimm, or the transducer must have a high
pode purity. We at USLELRTL require that all circular waveguide
componente exhibit a xode purity of at least 20 db. That is, the

dmtholmimmro?dinmmMmstbo
at least 20 db below the level of the TEp) mode. Our particular re-
quirement was such that we found it neccessary to develop a broadband
transducer which weas compact, operated over a 12% bendwidth centered
at 7.5 kmc with a VSUR of 1.2:]1 meximum and with a mode purity of
20 & minimm.

o

VYariocus syproeches were studied and considereq to datex-iu
thebutmmchinthodmlopntotﬂnroqurod otongl
transincer. The design which emm ovs 2 gradus) transitica from recs
tangalar to circular waveguide through sector uctiou was rcvimd(é)
This design offered an extremely low VBWR over a wide band of fre-
quencies; however, the transducer not only was long dmt its modal
coututmmhthnttham&opwitydthodm«m in the order
of 15 &b, mnnvdzprﬂulodhthil design. A mode filter
ovuld have been imserted in the line to improve the mode purity;
however, this would not only represent a locs but resonances may also
ccour in the lime wvhich are not desirable. Amother design vh:lch was
stulied in detail was the teckrique of launching the desired
mods by means of four rectangular waveguides end~f .Ing the circular
waveguide. Several models were designed and fabricgted; however,
even though the mods purity results lcoked encoureging the VBWR of
unit was prohidbitive. After several stwdies we decided 0 bread-
transducer developed several years age for USAELRDL. (1)This
& ainimm mode purity of 20 db; however, its bandwidth was
based co & VOWF of 1.2:]1 maximum. The design consisted of o

BEfE
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section ef circulsr wsveguide with its longitudinal exis perpepdicular
to the ™" dmsusior of twd parsllel rectangular waveguides as shown
in Figure la. The two waveguides are coupled together by an array of
Tour resonant sliois as tmowr in Figure ib.

The oricutation of the irises of the above described trans~
ducer allows two pclarirations of magnetic field to coxple to the
eircular waveguide. Ons polarisation is & dasired magnetic field for
TEO: propegation, while the other sets wp a mode in the circular
vavegulde othur than the ml. Therefcre, the coupling of this un~
woanted magnetic field into the circular waveguide has to be imhibited
to achieve a pure a0de. In the ebovs msntioned model, this was
Gons by using & thick iris plate; however, this doocreased the mamgnstic
coupling which resuited in sa incrsase in ipsertion loss.

In order to climinate the unwanted magnstic field, we falt
that & new elot ax-iemtation sbovld de cq:lo;zed Hance the geometry
of the transtucer wus changed to that of a "crvss-gnids” to yield
cnly one axis of polarisation, Figurc 2. The top of the cross-gnide
block waz designed to sccept an iris plate and the output circwlar
waveguide whase recaumended dimmeter for this freguancy —wuge is
2.625 inches im dismeter. However, this sise of waveguide is sble
t0 propagate the m;bum and th slot configurstion ¢f the irises
] the TEL] may De developed. lema,nnllerdxod
circular waveguids bad to be wsed &t t\montyntooth;tthmm
will be below cut~off. A short taper was then wtiliszed to transform
thccircul&rwnguidntothahoim2625. 8ince

te from T to 8 kmc, the cress-gnide block was
fubricated using the basi c RG-51/U waveguide dimensions. It may be
observed from Figurs 2, that the unit ic fed by two rectangalar wvave-
guides with the opposite ends being termimated in short circuits. A
septum 1s 80 arrasged as to maintain the identity of the two trans-
miesion lives, each one having two irises speced Lalf-a-gulde-wave-
lensth spart froa the center of each iris. Euergy is transferred
from the recianguiar wavemuldes thaowsh thess irises to the circular
waveguide by magnetic ooupling. An electric field vector sppears
across each iris such tbat the TEy mode is developed.

If the two plane waves which emerge into the cross-guide
block are in exact phase and magnitude, and no discontinu:tise or
cbstructions occur from the block to the circular wavegunids, the
electric field vectors across the irises will he equal in magnitunde
andhencel.pnre‘!!o Bode will be excited. If om the other hand
all of the above conditions are not met, the electric field vectors
will not be equal in magnitude and other modes will be excited, dee
pending upon the electric field vector distribution. The theorstical
asalysis for the prediction of the exact modal coxtent in this trens-
ducer is nct enly very complex but not available. Ik view of this,
we felt the only wvay to develop the required transducer was bvy empir-
ical means. 8ince both transducers, the cross~guide and that of
Figure 1, utilise irises in the seme menpnsr to excite the m mede,
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1% was felt that the iris plate shouid not be changed. Bence, the
dimensions of the irises were scaled from those used in the trans-
ducer of Figare 1.

To dstermine the effect of the bend saction within the
cross-guide block, VSWR tests were conducted on each side. The
resultant YSWR's were Lot accepteble. It was apparent that the
Soimere within the block were seriously comtributing to the VSWR.
Bence, we proceeded to siiter these corners in desciste steps.
Optimm results wers o) teined when the "b" dimension of the rectang-
ular wvaveguide vus maintaired through the bend to the skort circuit.
The rosults of the tests are givern in Table I.

TARLE I
RESULTS OF MITERING CORNERS OF CROGS-GUIDE BLOCK
Frequency VEWR Side ). YouR Bide 2
T.0 1.06 1.06
1.25 1.07 1.08
7‘5 1.08 1115
T.75 1.04 1.12
8.0 1.08 1.0
8.25 1.07 1.
8.5 .11 1.09

Origini.lly, the required powver division to properly 4rive
the cross-gu.de block was achieved through the use of s Magic~T with
waveguide elbows symmetrically arranged for proper physical orienta~
tion. The VSWR results obtained with this errsng=ment were quite
unacceptable. The accuracy of the power split and the equality of
the phase at the cutput of cach arm were questionable. These factors
could cause serious probtlems with respect to the mode purity of the
device. Therefore, s nev power dividsr was designed whichconsisted
of a trensformer from single height to double height waveguide and an
H-plane bifurcaticn 1S schieve ihe required power split, Figure 3.
The transformers were tested back-to-back to obtain their VSWR char-
acteristics. The results are given in Teble IIX.

TABLE IX

SIRGLE EEIGHT TO DOUBLE HEIGHT TRARSFORMERS RACK 10 BACK
7.0 1.035 7.3 1.015
7-1 10“ 7' lnm
7.2 1.035 1.9 1.235
7.3 1.03 8.0 1.03
7. 1.635 8.1 1.015
7.5 1.025 8.2 1.0625
T.6 1.02 8.3 1.0M

€0
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The power divider weas thep tested to determine the quality
of the phase and power split. The results are given in Teble III.

o

TABLE 111

RG-51 mm mvmm

. M4 o on dT.
Freg Po Amm 1(db) Po Arm 2(db) Atn 1'§h5§t3d 'E- horted VBWR
7.0 -3.0 -3,0 10.39 10.38 1.06
T.1 3.1 «3.1 1.8 11.80 1.02
T.2 =3.0 «3.0 10.1h 10.1¢ 1.05
7.3 «-3.0 ~3.0 11.65 11.68 1.06
Toh -3-2 '3-15 10016 10019 1012
7.5 «3.0 -3.1 10.h6 10.45 1.07
7.6 -3-0 -3-1 12.50 12¢5° lo“
1.7 -3.1 -3.1 10.90 10.91 1.0
7.8 «3.0 =3.0 9.26 9.25 1.03
7-9 -3-0 -300 10-33 1°o33 1003
8.0 -3.1 -3.1 11.357 11.38 1.06

The power split wvas found toc be acceptable and superior to that ob-
tained with the previous power divider. The phases of the output
arms were also satisfactory. This wus determined by observing the
minimm position of the standing wave on a glotted line while alter-
nately shorting arms 1 and 2 as indicated in Table ITII. The camplete
transducer was then assembled and tested. The VSWR of the unit was
3.0:1. Impedance calculations were made on the rectangular waveguide
of the cross-guide block ard the circular waveguide in an attempt to
determine the source of the mismatch. The calculations showed that
the impedance of the rectangular waveguide was approximstely one-~
tenth thut of the circular wavegulde. The "b" dimension of the rec-
tangular wvaveguide was increased in steps, to 0.685". The latter
dimension yielded a VIWR of 2.h. t«g transformers were designed to
maich the 685" dimension te the . dimensiom of the power gplitter
Figure &. In order to match the il;peda.nce of the two lines, a cruci-
fore section was designed to reduce the impedance of the circular
vaveguide at the irises. By treil and error, seversl cruciform de-
signs wvere fabricated and tested. The dimensions of the optimized
cruciform section vhich ylelded the desired results were 0.530" in
the "b" dimersion, 2.328" in the "a” dimension wiih an overall
length of 8.4L75%. Figure 5 1llustrates the complete cruciform sec~
tion. The wmode purity and VOWX charecterietics of this transducer
are given in Pigure 6. The results indicete that the mode purity of
the unit is 2% db minimum across the band with a maximm VSWR of 1.19.

The mode purity technique utilized during this period for
doveloping the transducer was of the rotating probde type. The accur-
acy of this technigque hovever was found t0 be questionsble gince it
does ot take into conslderation spetial beating. I ovder to over-

cone this shortcaming, & new test procedure was used. (7)This approsch
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utilizes a variable short technique im which, while the frequency irs
held constant, the short position is varlied and the resulting VSWR's
recorded versus short position. This method eliminates the prodlem
of spatial beatiug and yields accurate results with regard to mode
purity. Using this tochnigue mods purity measuraments were again
obtained and the results amre given in Pigure 7. Even though these
»ods purity results arc not as high as Pigure £, they mst sur origi-
nal goals. Pigure 8 is a photogx\ph of the rin.l model. The inser-
tion loss of the device measwred from 7 to 8 dmc 414 not exceed
0.25 4b.

Since owr intent was m&inly to develop a transducer with
specific requirements, our empirical developmant ceased as soon as
these objectives were met. HNence, it is pot the intent of this peper
10 infer that the optimmm in tramsducer design has been achieved.

For instence, the dimensions Of the irises, the height ef the rectan-
gular portion of the block (™" dimension) and the cruciform have

oot been optimised with respect to mode purity and VSWR. With regard
to the physical dimensiens of the traunsducer, it is felt that although
the presext madal jis rel~tively mmall, much can be dones to achieve an
even more compact device.

X ISOLATOR

Among the great veriety of microwave ferrite camponents
available to date, the circular waveguide TEg modes ferrite devices
are virtually con-existant. Simce microwave and millimster systems
generally require ferrite isolators, a program vas initiated at
USAELEIL to develop an isolator for use in TEy) mode systems.

There are two distinct types of structures suitable for
the d.enlomnt of such an isolator; the circular wvaveguide support-
ing the ) mode and the cross-guide or cruciform type. The field
coufigurations in these structures together with the ferrite geame-
tries roguired, dstemmined the (ype of design thei was used. The
magnetic f£ield configuration in circular waveguids is such that »
Territe ring positioned concentrically within the waveguide must
be circumferentially magnstised in order to achieve nonreciprocity
at resonance. Research efforis im thic ares have shown that this
is @ very difficult approach.(2)The cross-guide structure on the
other hand, is capable of suyporting am electric field distribution
in the trunaverse cross saction of the guide as shovn in FPigure 9.
This dieiribution is analogous to the mnods in rectangular wave-
guids. Furthermore, the field distributiom in each cf the four
chmmhmstobenhilartothgtctthnﬂmm Ths, if
a ferrite slab is positioned in a region of circuler polarization
ix oach chaxnel, nomnreciprocity will occur at resomance.
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As the operational frequesncy of the device 1s increesed,
the size of the permanent magnetic structures required also increases
in direct proporiion to the frequency. Comsequently, large heavy
=Renstic structures wre required for this device in the millimeter
region. Hoxagonal ferrite materials however, exhibit such inherent
nagnetic properties that the requirement for externa) magnets is
almost eliminatod. In view of this it was decided to lnveetigate
the cross-guide structure, sicce with these muterials aveilable8)A
compact device could be designed.

fince no specific syst-m requiremont existed, we set our
design goals as follows: Insclation 20 @ minimum; VSWR 1.2:1
maxisnm; mode purity 20 db minigmm; insertion lose 2.0 db maximum;
and bandvwidth approximately 10%, at a frequancy of 35 Ge.

Just as in the case of the TE1g mode in rectangular wave-
guide, two regions of circular polsrisatiou also exist in the cross-
guide. The region ¢f circular polariza‘iom used for this device was
the one located near the narrvw wall of the channel. This location
also ¢ffers a comvenieat place for the blasing magnats. These mag-
nets are required to provide a small edditional field to neutralise
the detrimental demagnetizing fields introduced by the gocmetry of
the ferrites, and also to protect the device against stray extermal
nagnetic fields. 8ince the theoretical nowledge of the propagation
characteristics of the cross-guide was limited, the development pro-
ceeded on an empirical dbasis.

The magnitude of the anisotropy field required for reson-
ance at the desired frequency is celculated using Kittel's Equation
given below:

£, = !%—' [(nm + Bop + (lx -¥g) bﬂl.)(n“ + xwd-cl, -x.)kwl.)]é

vhere Fgp = applied magnetic field
by rescnant frequency -
gyramagnetic ratio
w anisotropy fleld
s By, B = demagnetizing factors
hir M= saturation magnetigation

g b
"B

Using the snalogy of the TE,o Wode isolator, the ferrite
slabs vera mounted on dielectric substrates (Wesgo AL~995) with DUCO
cement. l'igure 10 illustrates the physical arrungenent of the com-
ponents of the cross-guide isolator. The dimensions of the dlelsctric
substrate and ferrite slad are given in Figure 1l. The position and
thickness of the dielectric slabs and ferrites were optimigzed empir-
ically to Yield maxiumm isoclation and mode parity. The parmmesters of
the hexagonal ferrite materisls used wore Ngy = 11,000 oe; hwi =
3,500 oe. and ¥/2w » 2.68 mc/ce. The rescuant frequency of the
Territe vas 35.1 @oc. It should be noted that the location of the
substrates with the ferrites in the channel was pot found to be
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critical; huwevar, oversll symuietry of the substrates im the channels
proved to be extremely important for maximm mode purity. The demag-
netizing field intensity given by M = N (M M,), where N for this
@eamotlry 1s .03, 1s approximately 105 oce. XNence, witk the use of
mmall blasing magnets of approximately 500 oe., the demagnetixing
fieldr sxe 11y campensated and the device is not sensitive to any
siray fields.

¢ trensform the cross-guide intuv the desired circalar
waveguide, & transition "t ed in which the cross-guide is tapered
to the circular waveguids. 1) tha length af the taper was approxi-
mately 2.0". The complete isolator (including tramsitions) was fab-
ricated in two halves fram s0lid brass stock and then silver plated.
Figure 12 is a photograph of the two halves. Figure 13 illustrates
the isolation and forward loss chersecteristics of the device. It
should be noted that the device exhibits an isolation of at least
20 db over an 8% bandwidth (33.85 - 36.70 Gc), with the insertion loss
having & maxizmum value of 1.9 db at the upper end of the frequency
band. The VAWR of the device oould not Le measured since a slotted
line in the TRy mode was NGt available.

8ince our objective was that the isolator have a mode purity
of at least 20 db, a transducer was required that also exhibited s
mode purity of at lesst 20 db. Unfortunately, such transducers were
not available at our frequency of interest. KReuce, a camercial trens-
ducer was uwsed of the type of Figure 1. Based on the tests conducted
on the transducer of Figure 2, it was evident that the varisble short
technigue for measuring mode purity was preferrsble. The mode purity
characteristics of the transducer, and the cross~guide without any
dielectric substrates and ferrite slabs (empty cruciform) are shown
in Mgure 1k, These data were obtained using the veriable short tech-
niqus. Novever, this technique requires that the effective waveguide
wavelength of each detectadble mode present in the linc be Ynown very
accurately. Whex the dielectric substrates were mounted in the cross-
&iids the wavelengihns could nO longer be determined accurately. Hence,
the mode purity messurements of tbs dielectrically loeded cross-guide
(dielectrically loaded cruciform) and the isclater, were conducted
using the rotating probe technique. The resaults are given in Figure 1k

Fven though the results obtained with the rotating probe
technique may not be comsidered av accurate as the results using the
variable short technique, they are relisi:le provided the necessary
steps are teken to account for spatial Leating. Based cn the mode
yurity results obtaimed during the development of the transducer s the
resuits indicated that the rotating probe technique yielded resulte
which were slightly optimistic. HNowever, whem different lengths of
line were inserted to determine the effect of spatial beating, the
ainimwm mode purity obteined with the rotatiny probe technique ep-
proaches that obtained with the variabla short technigus. HNence, the
results given in Figure 1k are considered relisble when we say that

the final unit exhibited & mode purity of &t lesst 15 ab.
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In examining the results of Pigurs 1k, it is chserved that
at some frequencies the device under test ylieslded a mode purity which
is higher than that of the trgmeducer. It is belivved that this is
caused dus to the interaction of the spurious modes between the trans-
ducer end the unit under test. BSuch interactiomn is possibly cmui;gg
cancellation of certain spurious modes whick result in an "observed
higher mode purity for the unit under test.

The results obtained during this investigation have been
vory eacouraging. The isolgtion charecteristios of the 1solator are :
highly acceptable. The insertion loss ef the device ip slightly kigh; i
however, further work can be conducted in this ares to r1educe thase
losses. The wse of the hexagonal ferrite materials results in s unit
vhich is quite campact and doss not recuire large and heavy exterval
nagnets. Even though the mode purity results iudicate a yurity of
15 &b minimum it is felt that the isclator dose not degrede mode pur-
ity much below the mode purity of the transducer. Therefore, the use
of a better tramsducer would be reflected in better modo purity of the
isolator. Also, the final mede)l could be improved by better lapsrs to
the cross-guide, ard slight changes in the dimensions of the channsls.

a In con.clusion two designs have been developed, one for a
TE10 mode to TE,) mode transducer and the other for a cross-guide iso-
lator for use in & THy;; mode system, with results which have not been
attained heretofoue. Qn transducer not enly represents a device which
hes immediate application but also provides the research engineer an
indispensable tocl for the develomment of TEg) camponents. We are
presently attempting a scaled version of this transducer for use at
35 Gc in order to better evaluste the mode purity characteristics of
the cross-guide isolator. The design of this isolator with hexagonal
ferrite materials offers a method for designing ferrite isolators for
use in the TEn) mode systems operating in the millimeter region, whieh
are campact and have good electrical characteristics.
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DENDRITIC MORPHOLOGY OF HIGH-STRENGTH STEEL CASTINGS

PAUL J, AHEARN and FRANCIS C, QUIGLEY
V.5, ARMY MATERIALS RESEARCH AGENCY
WATERTOWN, MASSACHUSETTS 02172

INTRODUCTION

The purpose of thip investigation was to study a number of
important parameters associated with solidification in order to esteb-
lish an interrelationship between there parameters and the mechanical
properties of the resulting casting. It is impractical to causce a
given variation in solidification conditions and then 1o directly ob-
serve a change in mechanicsal properties Jue to this variation. The
practical method is tc consider the independent varlable of casting
thickness and to study other variables as functions of casting thick-
negs or distance from the location of interest to the surface of the
casting. The dependent variables were dendvitic morphology, dsndri-
tic arm-spacing, dendritic arm-length or cross-arm length, microseg-
Togation, and finally, mechanical properties before and after homogen-
ization of the structure. All of these were studied as functions of
distance from the surface of the casting.

Irdividual variables have been considered before (1-5)but
here an attempt was made to examine many variables associsted with the
solidification of a single given cesting in order to establish an in-
terrelationchip that possibly could be used to advantege in improving
the mechanical properties of high-strength stesl,

PROCEDURE

The casting selected for this study was a unidiractional in-
got casting 5-1/2 inches in diameter and 10 inches high. The method
of manufacture consisted of preheating a hollow ceramic cylinder to
2600°F, placing the cylinder orn & maseive copper chill, and then pour-
irg molten stesl intc the cavity formed by the ceramic oylinder chill

"
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configuration, Upon filling the mold, & preheated ceramic slab was
placed on the top surface of the mold, Unidirectional solidification
progressed from the chill and resulted in the macrostructure shown in
‘Figure 1. This type of solidification pattern not only yields out-

. search tool.(6) The unidirectional solidification produced long col-
. umner dendrites that are lined up in such a way as to simplify study
of dendritic morphology and miorosegregation. It is easily seen that

a normal sand casting with randomly oriented equiaxed grains would
"~ oause experimental ocompliocations,

: The basioc mechanical properties of this columnar casting €9
were determined by removing test bar blanks parallel to the cast sur-

"_face in a progressive fashion starting from the chill and working to
‘4 depth of six inches into the casting. The blanks were heat treated
4n accordance with the achedule in Table I, and then were tested to

- determine the basic properties of this unidirectionally solidified

“+<pteal, The results were compared with those developed by a convent-

. ions] sand casting poamsessing the same chemistry and having undergone
. the same hest treatment.

TABLE I
Chemistry and Heat Treatment of Castings 48 and 69

Section A - Cheniatry
Elomsat (veight peroeat)
C ) 51 p 8 Ni Cr Mo Al
Casting 46: | 0,31 | 0.73 | 0.29 ] 0,018 | 0.027 | 2.78 [ 0.74 | 0,53 ] 0,08
Cesting 80: | 0.31 | 0.04 | 0,35 | 0.009 | 0,023 ] 2,70 | 0.70 | 0.53 ]| 0.08

Seotion B - Normal Heat Treatment (follosimg Honogenisation)

1750°F for 1 hr, air cooled

106(!:!' for 172 hr, furaace dro to
135G F for 15 min, water quenc

400 F for 4 bhr, water queached
400°F for 4 hr

e The macrostructure appearing in Figure 1 created an overall
- “dmpression of a directionally solidified casting but it does not pro-
%3 vide detailed information on the exact dendritic structure. Accord-

=ingly, samples were removed from the casting for detailed macrostruc-
. “tural examination. Samples horizontal and vertical to the chill sur-

-face were studied. The actual procedure consisted of polishing the
"samples, macroetching with Stead's reagent, and then photographing the

- #uch as the length of dendritic cross-arms and the interdendritic arm-
~mspacing were measured and plotted versus distance from the casting

- Although exact information can be obtained on the aize and
-the shape of dentrites, the macroetch procedure does not reveal quan-
+titative information on the amount of microsegregation ocourring in

various portions of the dendritic structure. Quantitative microsegre-
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gation infomti?n ocan be obtained through the use of the eleotron
bean microprobe.(7) Thus ssmples were removed from the casting for
wioroprobe analysis. Such samples were always in the plane of the
chill casting interface surface and were taken at . noreasing distances
from this interface.

The steps involved in preparing samples for mioroprobe anal-
yeois consisted of polishing and etching the specimens, selecting var-
ious looations on the dendritic surface for study, and marking these
locatione with a hardness tester. The appropriate locations were
either a scan along the full length of a dendritic arm or a scan of
equal length oriented 45° from the dendritic arm. After the scans had
been selected and fixed by the hardness indentor, the etched surface
was removed by polishing. At this atage the samples were ready for
microprobe analysis, The actual microprobe scans ylelded detailed
information on microsegregation but for purposee here, eamphasis was
placed only upon the maximum and minimum chemistries observed in the
microprobe study. These maxima and minima were recorded and plotted
versus distance into the casting. Microprobe soans were made to deter-
mine variations in alloying elements, Mn, Ni, Cr, and Mo, :

The results of ths microprobve study ocombined with the maoro-
structure observations of dendritic arm-spacing and coross-arm length
made it possible to theoretically formulate homogenization conditions
that would eliminate or out down on the microsegregation. Such calou-
lations lead to homogenization experiments at extreme temperature and
for extended periods of time, , N T

Homogeniza*ion Experiments

Two castings were involved in homogenization experiments.
The first consists of columnar casting 69 employed in the morphologi-
cal study; and the second was a zonal casting, 48, as demonstrated in
Figure 2, The dimensions of the zonal casting and the chemical anal-

‘ysis are similar to the columnar casting (see Table I), but the methcd

of manufacture was slightly different in that an exothermic compound
was alded to the top of the mold twelve minutes after filling the mold,
This slight modification in procedure produced the four solidificatiom
zones shown in the figure. The first zone was columnar, the second was
equiaxed, the third was columnar, and the fourth was equiaxed. The
change from the first equiaxed to the second columnar gone was undoubt-
edly caused by an increase in the temperature gradient at the liquid

'80lid interface, which was in turn caused by the addition of exothermioc

material., The major purpose in changing the mode of solidification

wa8 to make possible direct mechanioal property comparisons of ocolum-

nar and equiaxed materisl wherein the rate of solidifiocation of the
material was greater than that of the columnar. Basic mechanical pro-
perties of this zonal casting 48 were determined af'ter normal hest
treatment. These mechanical properties plus the normal mechanioal

 properties of the columnar casting €9 were then compared with compan-

ion results from test blanks that underwvent an extoggﬁi,,vﬂq\“hggogepugtionr
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treatment, Blanks from the columnar casting €9 were removed at various
distances from the chill surface and then were subjected to a 2500°F
homogenisation treatment for 64 hours. In similar feshion, bars wer»
- removed from the first three sones of the soneld casting 48 and these
were homogenised at 2500°F for either <0, 64, or 186 hours. In all
cases the high temperature homogenisation treatment was followed by
normal heat treatment procedure,

The extremely high temperature homogenisation (2500°F) and
- the extended time at temperature presented sxperimental diffioultiee
- -~ and subsequent precautions were taken to avoid these difficulties. A
: - soross~pectional sketoh of the furnace is shown in Figure 3. The
furnace consisted of a globar arrangensnt with a heating sone of l-by
. . 2=foot dimensions., For these experimen’s the door of the furnace was
-~ raised and the opening left by the door was triocked up except for a
* geramioc tube that was inserted into the heating zone through the brick
‘work. The thermocouple 'or the furnace was mounted in line with the
ceranic tube 80 that the temperature reading of the thermoocouple coin-
0ided with the temperature of the ceramic tube. The arrangement in
Figure 3 has the practical advantage that temperature fluctuations
- +yithin the ceramic tibe were minimised by the lerge hearth volume out=
I side of the tube, Actual temperature oontrol was mainteined through s
: Jproportioning oontroller rather than a power on-power off arrangement.
Test bars were placed inside the tube and a protective atmosphere was
‘maintained in the area of ,the test bars by means of the arrangement
dicated in Figure 3. Althouch the argon wvas 99.96 percent pure, it
felt that precautions should be taken not only against leaks withe-
4n the ceramio tube, but aleso against the possibility that a small
amount of impurities within the argon could damage the test bars. Such
~thinking is justified in view of the extreme high temperature and long
~times involved, Two basic precautions were taken: first, the test bar
- blanks were coated with alumina; and second, steel wool was placed just
Jbeyond the argon inlet. The steel wool acted as a getter and did in
‘faot show substantial oxidation damage at the end of each sxperimental
. The alumins coating, on the other hard, was abandoned as an un-
: ‘ocuury precaution half way through the program.

RESULTS

ol St
, The mechanical properties of the unidirectional casting 69

aro compiled in Table II, Yield stremgth, tensile strength, and true

: tz_'eok:lne strength are recorded, as well as ductility in terms of re-

_Auction of ares and elongation. Interpretation of this data is facil-

4tated by a plot (Figure 4) of the mechanical property information
“;versus distance fror. the surface of the casting. Mechanical properties
“are also presented for s conventional sand casting (8) of the same

=~ sanalysis that received the same heat treatment. The properties of

“"snidirectionally solidified steel are indicated by the dashed curves

| . ‘while the properties of the oonventional sand casting are shown by
e I o




TABLE II

Mochanical Properties of Casting 69

Secties A - Mesegeained 130C°F, 4 heura, fellewed by Nermel Mest Troutseat
Test locatiea True
Distaose frem | Yield Stresgth Frecture
LY ot 0,8% Offset [Tonsile Strength| Btrese n.g’m- M
(Laches) (pol) (pai) (pel) x)
. W, . . 11.83 M4
1.100 198,000 254,800 Su.& 9.4 .0
2.983 198,000 . 3%, 11.8 0.0
.88 300,100 253, 000 323,900 0. 20.4
3.4 194,400 255,000 1 330,200 10.8 28.0
-4.108 198,000 155,000 500 10.0 2%.0
000 204,400 260, 313,200 10.0 24.9
. 108,000 158, 301,000 9. 20.9

.3 193,000 137,600 - 15.0 Sl.
1.85 194,000 238,000 - 13.3 “",
’ ” lﬂ.m 3....” - lli. ‘lo.
4.19 193,000 140,000 - 13.0 .0
3 48 183,000 138,200 - 18.0 7.2
$.73 108, 000 238,400 - 9. 17.0

80lid lines. 4t the strength level of 255,000 psi, the unidirectional
solidified casting exhibite mechanical property superiority over the
conventional casting. The conventional cesting undergoes a rapid de-
crease in both tensile strength and duotility with distance from the
surface of the casting, while the unidirectional casting displays un-
iform properties of 255,000 psi tensile strength and 30 percent reduoc-
tion of area, up to depths of three inches from the casting surface.
Thereafter, mechanical property deterioration ocours, but in a gradual
fashion., The deterioration in mechanical properties is called the
mass aeffect and it is readily seen that the effect in unidirectionally
golidified material is far less pronounced than in matorial that has
been solidified in the conventioual manner. The most sensitive measure
of mass effect is shown by a decrease in ductility as measured dy per-
cent reduction of area versus distance from the casting surface. The
same trend is noted when thes true breaking strength versus distance
from the casting surface is observed. The two types of out:l.ncl X~

ot‘ solidification.

The cause of the mass effect was considered next dy examin-
ing the macrostructure and microsegregation Figures 5 and € present
typical macrostructural results. Figure 5 is for semples parallel to
the direction of solidification, and Figure 6 is for samples perpendio-
ular to the direotion of solidification. In both cases, the atructure
was brought out by etching with Stecd's reagent and then photographing
the surface at megnification of 6X. Magnified photographs yield far
more information than a typical photomscrograph as in Figure 1. Figure
5 clearly shows that the coluamar dendritic structure extends from the
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bottom to the top of the casting, and that the structure is finest
near the chill and undergoes a gradual coarsening as distance from the
chill inoreasea, The photograph &t the left of Figure 5 was taken from
material close to the chill while that at the right represents material
at a considersble distance from the chill,

Figure 6 yields similar information to that of Figure 5, al-
though nov the dendrites are viewed from a different orientation. The
tops of the dendrites are seen as oruciforms that increase in gize as
distance from the casting inoreases. By ocombining the photograpric in-
formation in Figures 5 and 6, one can oconstruct a model of columnar
dendrites. Individual dendrites consist of a continuous spine with
.@ide branches forming at 90° in a cruoiform configuration, Such a
‘model does not take into account further dbranching off the cruciforms.

~ Dendritic arm spacing and the length of derdritic cross-arms were mea-

sured with the aid of Figures 5 and 6, Cross-arm lengths were deter-

. mined by two methods: the first consisted of counting the number of

cruciforns per unit area in a series of photomacrographs, determining
_the oross-sectional area per oruciform and then tinding the square root

_..of this area to obtain a representative value of the cross-arm length.

"—The second method simply involved messuring the length of a series of

T Ogross-arms in various photomaorographs and then plotting these lengths

’ﬂ?‘nrm the distance from the casting surface. Such results are shown

... 4n Figure 7 where croms-arm length is plotted versus distance from the

- —pusting surface, The curve obtained by eimply rocording the length of
" oross-arms does not have as great a slope as the curve derived by the
_alternate method of counting the number of crusiforms per unit ares

- “vof macrosurface. Regardless of the counting method employed, there
 appears to be a linear relationship between the length of cross-arms

. and distance from the casting surface. This is not surprising in view

¢ more traditional results presented in Figure 8 wherein interdendri-
<tic arm-spacing is plotted versus distance from tae casting surface.

2:SOnce more a linear relationship is obtained., The linear relationship

etween u'?-gptcine and distance into the casting has previously been

Photomacrographs of typical samples that were employed in
¢ miorosegregation studies are shown in Figure 9, The vhotomacro-
‘greph on the left (9-a) is from material 0,125 inch from the chill
while the photomacrograph on the rigiht (9-b) represents material

F ~-approximately 3.44 inches from the chill, 1In all cases the boundaries

--of the scans were marked with a Knocop indentor. The macrostruotures
“siere polished away and finally the samples were subjected tc micro-
probe analysis. Two types of scans were involved as indicated in

- Figure 9. The first was a scan along a dendritis rrm through a denri-
_“tic spine, while the seoond type was always oriented 45° from the
firgt. Presumably the 45° scan started in a highly segregated area

" some distance from the oruciform and progressed in a straight line

through the center of the spine and then out She other side into a high

alloy arsa. Microprobe analyses were taken for Mn, Ni, Cr, and Mo con-

i,' tent at distances O, 125, 0.8, 1.9, 2.3, and 3.44 inches from the chill
mfmo.
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The minimum chemistry ocourred at the center of the oruni-
form, tha* is, at the spine of the dendrite, while the maximum concen-
tration of alloying elements gensrally was cbssrved at a location or-
iented 45° from the cruciform at a considerable distance from the oru-
ciform, These maximum and minimum concentrations are plotted versus
distance froam the surface of the casting. Such results appear in Fig-
ure 10, The dashed lines indicate the wet chemical enalysis vhile the
maximum and minimum conocentration at the location in qQueation are
shown by the ends of the vertical lines in the plot., This plot eatab-~
lishes the result that microsegregation is severe and can involve a
very large fluctuation in alloy content across small distances of the
casting. Yet this variation from maximum to minipum seems to remain
fairly constant; that is, the amount of miocrosegregation does not
change appreciable in moving into the casting. Miocrosegregation is as
severe at the surface as at the center, wvhile the basic dimensions of
the dendritic structure, dendritic arm length, etc., do inorease with
distance into the casting. Any attempt to even-out the chemistry by
means of a high temperature diffusion treatment should take into ac~
count the increasing diffusion distance arising because of the increase
in basic dendritio dimensions, These two observations are important.
The extent of microsegregation is fairly constant while dendritic
dimensions increase with distance into the casting. With the aid of
such information it is theoretically possitle to prescribs homogeni-
zation treatments that should even-out the chemistry on a microscale.
Calculations indicated that a 2500°F treatment would be desirable and
that the required time would vary depending upon the size of the den-
drites involved,

The actusl mathematical treatment involved the usme of
equation first employed in connection with a study of banding.(10) 1If
the microsegregation is described by a sinusoidel two-dimensional mod-
el, then homogenization will proceed in accordance with the following
equation: €2 Dt

g "% 12

where
C « maximum variation from average chemistry after homogenization

Cp = maximup variation from the average chemistry before homogenigation

C
Cg = degree of homogenization

D = Diffusion coefficient of alloying elements
t = time (mec)
1 = diffusion distance (cm)
A representative value of 3.75 x 10~10cm? was selected for

the diffusion coefficient of slloying elements at 2500°F. The diffusion
distance was considered to be one-half the value of cross-arm length as

recorded in Figure 6. For example, a& 64-hour h ization time would
result 1n<85,.0.8, and a diffusion distance of 0.06 cm which corresponde
77 ‘
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t0 a looation of 2.5 inches from the surface of the casting. Recently
“a more realistio model has been formuleted specifically for cest struc-
tures,

Homegenisgtion

T™s aotus: mechaniocal properties developed by both castings
after convautionai heat treatununt and extensive homogenisetions are
presented Ir Tehbles II and III, Interpretation of the data is feocil-
itated by tkw plot in Figure 11 of mechanical properties versus dis-
tance fiom the ohill surface of the castings. Mechanical properties

TABLE III
iechaniocal Properties of Casting 48

Sectien A - Momoguained 2200°F, 1 Meur, folloved by Normal Heat Treatmeat
Youst Lecautiea
Distasce frea thd Streagth
Gill t 0,35 Offset | Tonsile Streagth Eh-guu m
(Laches) (pei) (pst) ) (x)
... foslesmar zeas 5,78 193,700 38, 000 L9 ] 7.3
- -3 celumnar nene §.1% .l".?ﬂ 237,200 8.0 11.3
- - .} cquianed neae 4.00 161,300 237,200 3.9 s.1
- ] oqeianed nowe 3.37% 102, 230,400 8.0 10.4
celumer sewe 1.68 194,000 242,800 19.0 30.2
- celuamer sese 1.00 196,000 242,800 9.3 25.4
e Becties B - Mesegenized 2300°F, 186 hours, folleved by Nermal Heat Treatmest
= {celuanar zene 8.78 193,000 239, 000 14.0 ..
oquianed sens 4.00 108,000 230, 000 13.% 4.8
celummar seme 1.88 180,000 231.!00 14,0 45.2
[ Bectien C - Mencgesised :so?? 84 hours, folloved by Nerssl Meat Treatseat
{ colussar some 5.8 1“.000 3“.000 10 0 n.8
oquigzed soces 3.375 17¢,000 229,600 7.8 18.4
coh-.r sone 1.00 1“.500 2“.!00 13.0 45.8
Sectiea D - Nesegenised st 2435°T, 20 hours. followed by Normal Heat Treatmeat
celusnar sose 5.7% 108,500 248, 400 7.0 15.8
equianed sese 4.00 187,000 13¢,200 6.5 7.4
celuanar seas 1.68 1“.000 248,300 9.5 30.2

~‘are presented for both outi.ngs in the conventional heat-treated con-
. dition, and for sonal casting 48 under conditions of 20, 64, and 186
-~ hours of 2500°F homogenisation, and columnar casting 69 after 64 hours
" of 2500°F homogenisation. These last four results are for material
that has been homogenized and then heat treated by a conventional
‘quench and temper. For all practical purposes the mechanical proper-
ties as represented by yield strength and tensile strength remain res-

©monably constant regardless of the treatment employed or the location

- of the test. The significant change brought about by extensive homo-
genisation can be seen in the plot of percent reduction of area versus
- distance into the castings. The solid curves represent ductility re-
sults assooiated with high temperature homogenisation while the dashed
- ourves are associated with conventional heat treatment. In both cast-
ings there is a decrease in ductility as distance from the casting sur-

 Tace inoresses. This is the mass effect and has already been discuseed,
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The significance of the homogenisation experiments is seen when one
ocompares the heat=treated properties of these two castings with the
2500°F homogenised and heat-treated properties. In all ceses vhere
bars received high temperature homogenisation, the ductility was m-
proved and the improvement in duotility is directly related {o homogen-
isation time, In spite of the improved ductility with homogenisation,
the mass effect is still observed; that is, ductility decreases as die-
tance from the casting surface inoreeses. It is also observed that up
through the extended time of 186 hours, the mechanical properties near
the chill in sonal casting 48 continued to improve; therafore, it is
suggested that maximum possible ductility was not obtained.

It is interesting to compare the resu.ts demonstrated in Figure
11 with mechanical properties of forged material. For example, AISI
4340 1/2-inch diameter forged bars, oil quenched and tempered to a
otronfth level of 250,000 psi, exhibit a reduction of ares of 48 per-
oent, 12) These results are naturally longitudinal properties and can
be compared directly with the results appearing in Figure 1l and Tables
Il and I1I., In some cases the duoctility of test bars located close to
the chill surface slightly exceed the forged bar properties just men-
tioned; howuver, it is significant that ductilities of 45 peroent re-
duction of area are maintained at depths of two or three inches into
the castings.

Finally, gonal casting 48 results indicate that there is no
aignificant difference between the ductility of equiaxed material and
columnar material persse. Other faotors such as miocroporosity and
miorosegregation must be congidered,

The improvement in the duotility of the casting must be assign-
od to the success of the 2500°F homogenisation trestment. The homogen-
isation treatment can be considered from & theoretiocal point of view
by plotting ductility versus hcmogenisation parameter for columnar oas-
ting 69 as shown in Iigure 12. Here duotility is plotted agsinst the
dimensionless Quantity diffusion coefficient of alloying element times
the time of homogenisation, divided by the square of one-half the don-
dritic cross-arm length taken from Figure 7. A continuous ourve is
obtained., Since the paramster is derived from considerstion of first
principles, it is suggested that the improved ductility is associated
with the decrease in microsegregation that ococurred during the high
teaperature homogenization,

The duotility data from both castings ocan be combined on a

single graph by assuming that interdendritic dimensions increase in a
linear fashion (9) with distance from the chill., Such reasoning leads
to the simple substitution of distance from the surface of the chill
for diffusion distance. The ductility data for both castings is placed
on these plots and in doth cases a reasonably smooth curve is obtained.
In Figure 13 the diffusion coefficient caployed had a value of 3,75 x
10~10cm? except in the case of three bars from casting 458 that were
homogenised for 20 hours. It was noted that the actual temperature of
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homogenisation here was 2435°F. The appropriate diffusion coeffioient
under such cirourstances would be 2,34 x 10~10cm?, Such a substitu-
tion yielded & elight smoothing of the curve in Figure 13.

The changes that ocour during the 2500°F homogenization can
easily be visualised by study of the fractured tensile bars from sonal
oasting 48 in Figure 14. Bars that received the standard treatment and
bars that underwent 2500°F homogenisation were maoroetched and then set
side by side for comparison. Maoroetching clearly shows that the mace
rostructure tends to be eliminated by the 2500°F treatment. This is
espscially true at great distances from the caeting surface., The frac-
- ture characteristios alsc change. Interdendritic fracture can be seen
Lo in bar l-N whle its companion 1-2500°F fractured in a oup-and-cone

I fashion, Finally, the inorease in ductility resulting from the 25CO°*F
treatment is clearly indicated by the neocking of the 2500°F bars.

- CONCLUSIONS °

A number of practiocal and theoretical conclusions emanate from

"~ this work. It has been shown that miocrosegregation and dendritic sisge
pley a major role in determining mechaniocal properties of high-strength
—ateel castings, and that microsegregation can be eliminated by means of

~2500°F homogenization treatment, The resulting cast material exhibite
mechaniocal properties identical to longitudinal properties of forged

. bar stook at the same atrength level. Transverse forged properties are
always inferior to longitudinal properties, thus the mechanical prop-
erty superiority of this cast steecl is established.
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Figure 5. MACROSTRUCTURE PARALLEL TO THE DIRECTION OF
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NUMERICAL SOLUTION
| ‘ , OF THE DISTRIBUTION
OF WIND AND TURBULENCE
IN THE PLANETARY BOUNDARY LAYER

J. F. APPLEBY, and W. D. OHMSTEDE
| U, S. ARMY ELECTRONICS RESEARCH & DEVELOPMENT ACTIVITY
FORT HUACHUCA, ARIZONA

l. INTRODUCTION

Meteorology 18 subdivided according to the scales
of micrometeorology, mesometeorology and macrometeorologyv.
This division appears real since research interests and
successes have been widely separated. If meso-scale
phenomena are regarded as perturbations within the macro-
scale, two elements can be selected to characterize the
divisions. These would be the logarithmic wind profile
to characterize micrometeorology and the geostrophic wind
to characterize the others, Both of these relationships

i are rather successful formulas, The geostrophic wind '
equation has been used to evaluate the horizontal field of
wind in the free atmcsphere from the pressure distribution.
The logarithmic wind profile equation has bsen used to
re.ate the vertical distribution of wind sneed immedliately
above the earth's surface to the momentum transport and
to the roughness characteristics of the surface, On the
face of it, there does not appear to be any direct connec-
tion between these two relationships as they deal with
different regions of the atmosphere,

The purpose of this report is to present a hypothesis
‘ which unifles these two concerts. The model resulting
3 from the hypothesis 1s sclved and the results are presented
in a form usable for many situations where it is necessary
to predict the vertical distribution of the wind and
turbulence characteristics within the planetary boundary
layer. The treatment will be limited to the barotropic,
adiabatic, steady state case.® .

2, DEVELOFMENT OF THE MODEL EQUATIONS
¥ 1 non-steady state case is required to incorporate the

moso-scale.
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, The model equationa are developed from the
squation of motion:

-+ - -+ -+ -*> - -+
av/at = aV/at + VoW = ~ 2axV + g - 1/p% + 1/pVo1

(1)
where v is the wind velocity vector relative to a point
on the earth's surface, 2 is the angular velocity of the
garth's rotation, g is the acceleration of gravity, and
v is the strees dyadic. This equation is dirficult to
solve without simplification,

For this study we assume the wind is steady,
uniform in the horigontal and that the horizontal
‘pressure gradient force 1s uniform and constant. As a

rcault equation (1) can be reduced to
- - fu = 1/p ap/dy = 1l/0 31y/02
fv - 1/p P/IX ~ 1/p 3tx/az | (2)
vhere V - u1 + vj, f = 208in@® where @ is the latitude,
a preaaure, and vy and v, are stresses 1ln the
directions, respectivel’

e At, this point we 1ntrod¥ce thg geostrophic wind
@) which'{s defined as § = o = 1/pf

(IOplay - Jap/ax), subatituting thia in equation (2) we
f(Gx-u) + 1/p 31,/3: = 0

-:(a -v) + 1/p 31, /32 = 0 (3)

EqQuations (3) are then the fundamental equations of the
- model. The solution of equation (3) requires a knowledge

’ ;9r stresses throughout the layer. Since the atmospheric

~poundary leyer 1s in most cases fully turbulent, the
}:tresaes in equations (3) are the Reynolds stresses—
~statistical) quantities that represent the covariances of
“the turbulent fluctuations. Our knowledge 1s still
inadequate to derive transport relationships from the
“primitive equation, so we nust rely on semi-empirical or

:f$phenomenological theories to obtain a solution. Prandtl's

'fuuxing-lenzth hypothesis has been used in turbulent
"transfer models for three decades. We have used this

" _.concept in the solution of equation (3) knowing the

E;reaulta will not be precise but believing they will be
u;o:ul.
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The mixing-length relationship can be expressed
2 2

t/p = Uy = (2dU/dg) (4)

where Uy £ (t/0) / is the friction velocity, ¢ 1s the

mixing-length and U is the wind speed. This expression
is more common in the form:

oy

p

t/0 = UatdU/dz = K dU/dz (5)

e ,.(.ufr:‘-ﬁwé’-{- %4 i .,4

where K 1s the eddy viscosity. There have been conflicte
ing viewg on the factors which control the mixing-length.
von Karman believed that the magnitude of the mixing-
length 1s determined by local flow conditions, whille
Prandtl relates the magnitude to the gross features of
the flow., von Karman's hypothesis has certain desirable
f?’tures but has not been generally accepted (see Lettau
In free turbulence Prandtl views the mixing=-length
as constant in a cross-section of the mixing gone and
its magnitude as proportional to the width., In a wall
turbulence regime, it is assumed that the magnitude of
the mixing-length is proporticnal to the distance from
the wall and can be expressed by:

£ = kg ' (6)

where k 18 von Karmian's constant. Combining equations
(4) and (6) and integrating gives the logarithmic profile
of the surface boundary layer

U = Uy/k 1n(z/2,) | (7)

where zZ, is a length characterizing the roughness of the
aurface #

Neglecting the varliation of the air density with
height, we can incorporate equation (5) into equation (3)
with the result:

£(Gy=u) + 3/2z (U, 2av/2z) = 0
~f(Gy=v) + 3/3z (Uy t3u/dz) = O (8)
Actually, equation (7) 1is inconsistent with equation (8).

The logarithmic wind profile assumes that the shearing
stress (Uy,tdu/dz) is constant with height, equation (8)

¥ A more general discussion of the roughness length can
be found in ERDAA=-MET-7-63 reportﬁ "A Model for Wind Flow
In An Idealized Vegetative Canopy".
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shows that the gradient of the stress is greatest near
the surface. This can be reconciled by recognizing that
the percentual rate of change near the surface is so
small as to make the wind profile logarithmic. At great
height the stress will vanish and by equation (8) the
wind becomes geostrophic; thus the solution should have
the desired features of our objective.

To solve the model equations the specification
of the vertical distribution of the mixing-length is
required. According to equation (6), the mixing-length
is independent of kinematic characteristics and solely
a function of proximity to the boundary. It seems
unreasonable that equation (6) should be valid ad infinitum.
The outer portion of the boundary layer behaves more e
a region of free turbulence than of wall turbulence, which
suggests that the mixing-length should approach a

" Iimiting value far from the surflace.

It 1s proposed that for a steady-state, neutral
aimospheric boundary layer, the mixing-length increases
with helight at the rate given by von Karman's constant,

- but there 1s a linear feedback which prevents unbounded

growth, This can be expressed by the following differen-

'tial equation:

de/dz = k - 2/L (9)

where L 18 a constant. The solution of equation (9)
which satisfies the boundary conditions is

L= 1 (1-e"2T (10)

-~ where &./L = k. This equation has the characteristics
= ~that 2 fncreases linearly with height near the boundary,
~_-but approaches the limiting value & _ at great height,

~ Pigure 1 compares ~nuation (10) wit he mixing=length

distribution compu.ed from Lettau'sl?2]) reanalysis of the
Lelpzig wind profile. The agreement 1s reasonably good
except in the upper portion of the profile., In this
region the evaluation of the mixing-length is less rella-

v‘ ble because of the small values of the velocity derivative,

3. NUMERICAL SOLUTIONS OF DIFFERENTIAL EQUATIONS

Equation (10) has been adopted as the general
expression for the mixing-length and now it 1s possible
to sclve for the velocity profile in the planetary

- “boundary layer. For computing purposes, the equations
"“are expressed in non-dimensional form by defining new
variables:
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, 2
U s (0,-u)/0, Vo (0,-v)/0, 8 = 12/00 , t= Ty/pQ"
T e Up/G = (sz+t2)1/“ RQ-GIfzn x = z/z,

where R, is termed the surface Rossby number. Using
these néw variables, equations (3) and (5) are expressed
as:

V=R, 8/3x, U®= =R, 3t/dx (11)

and
s = = T(t,/35)y qU/3x, ¢t = « T(2 /2 )y 3V/dx

(12)

where y= leexp(-2/L). Differentiating equations (11)
and substituting the results in equation (12) we obtain

2 2 2 2
8= ATY 3 t/3x;, t=-AT 3 s/ox
(13)

where A, = R, zolzo.

The boundary conditions require that s=t=0 at
great height and we can choose axes of orientation so
that at the lower boundary t=0 and s=s_., For each value
of the parameter A, , there must be a cgrreaponding value
of 845« The actual relationship of s, and A, cannot be
determined until the solutions are khown. Qt is necessary
to rewrite equations (13) in a form containing only a

single parameter. This 1s done by defining new variables:

PeaT Q=A% Re Al

Using these terms, equations (13) become

2 2 2 2 ) N
. @=PF 3R/Xx : R=-PR 3Q/ax (1b)

with boundary conditions of
x=1: Q=Q, R=0
X+ : QsRes Psusgo

from equation (14) and the boundary conditions, a
particular solution 1is completely specified by the quan-
tity Q,, provided v 1s solely a function of the distance
from the boundary.

Difficulties were encountered in solving equa-
tions (14). It was necessary to assume that Q and R
became negligible at a finite but large height rather
than at infinity. Several mathematical methods were
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tried to solve the equations., The one adopted was the
finite difference method of Crank and Nicholson [3).
Briefly, the solution conaisted of t~ansforming the
independent variable to y = v2.0 x and establishing a
grid of 100 equally spaced points in the y domain
between x = 1 and x = li, The derivatives at the grid points
‘were approximated from second--order Lagrangian polynonials
utilizing the values of the variables at adjacent grid
pointa. Cn the basis of ordinary differential equations,
a form of parabolic partial differential equation was

~ assumed. The final solution was derived by integrating
the partial differential equation until the solution
decayed to the steady state ordinary solution,

- Choosing &/, = 3. 125:10'5, solutions of equation
{1k) were computed for boundary values (Q,) ranging over
“three orders of magnitude, The solutions can be applied
--%£0 any arbitrary surfacg roughness length by accepting as
doundary conditions the values of Q and R at the corres-
?pondins height. The roughness length plays a significant
: role in translating the solutions of Q and R into terms of
fvhyaical variables, Zy definition, at height z, the
_:yclocity is zero, 1In terms of nondimensional variables,
~=this requires that U2+V2 = 1, Prom equation (11) R2
“J(9s/9x)2 + (at/3x)2 ] = 1, The surface Rossby number

: ) can then be determined for a given solution at any
roughnesa length by the equation?

= (2,/25)2[(3Q/3%)2 + (3R/3x)2) 2 (15)
: 15)
chr the guantity

G/ee = (2578 )3[(3Q/3x)2 + (aR/ax)2] 3 6)
1

=Me found that the derivatives of Q and R at the lowgr
oundary could not be adequately determined from finite
difference formulae, 80 an approximate analytical solu-
—tion was developed. Since Q and P are nearly constant
~with helght at the lower boundary we can express Q and P
in terms of the average values in the first meter above
he surface., We know from Equation (6) that v = (z_/L)x
mnear the boundary., The first equation of equations (13)
<an be expressed as:

o 2R/x? = LN l/szo (17)

“where the bar denotes average values, Integrating twice,
fue derive an expression for the derivative at the lower
“boundary. A simllar approach can be applied to the second
-~squation of equations (1l4). Numerical values of the
deriv;tives can then be found for any arbitrary height (x)

-~ S ﬁ‘ .
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from the resulting expressions. Then the surface Rossbdy
number and G/ft, can be determined for any roughness
lengths from equations (15) and (16).

The surface Rossby number (G/fz_ ) is a useful
parameter for characterizing the planetar? boundary layer
Just as the Reynclds number characterizes turbulent flow
through ducts, Two additional parameters which are useful
are the angle between the surface wind and the geostrophic
wind (o) and the geostrophic drag coefficient (C). The
surface wind angle can be determined by the following
equation:

a = arctan(9Q/3x/3R/9x) - arctan(R/Q) 18
evaluated at the roughness height z.. The geostrophic
drag coefficient is given by C= U./a where Uy is evaluated
at the roughness height z,. This leads to the following
formuls for evaluating the surface stress in terms of the
geostrophic wind:

AP pC2G2 (19)

The solutions of equations (13)give the vertical
distribution of the stress vector. According to equations
(11) the nondimensional veloclity 1s proportional to the
derivative of the shearing stress., Near the surface these
derivatives were determined from the approximate analytic
solutions. For the remainder of the profile the deriva-
tives were approximated from second-order Lagrangian
polynomials using values at the adjacent grid points.
Multiply®ng the derivatives by the Rossby number gives the
velocity components.

4. BOUNDARY LAYER MODEL

The development to this point has been formal
in that we have stated the differential equations, postu-
lated a functional form for the mixing-length, and found
a number of solutions of the equations using the assumed
mixing-length relationship., The important question 18-
which of these solutions are relevant to the real plane-
tary boundary layer? To answer this question we shall
invoke the idea of similarity. We assume that the
Reynolds number of the planetary boundary layer 1is so
large that a universal equilibrium structure for turbulent
eddies exists. The scale of the turbulent eddies, as
measured by the mixing-length, is universally related to
the gross scale (depth) of the boundary layer for any
given surface Rossby number. Equation (10) shows that
elther L, or L is adequate to characterize the eddy struc-
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ture. The gradient wind level (that level where the wind
velocity first reaches the direction of the geostrophic
wind) has been used widely in meteorology and is a direct
1 scale length analogous to the boundary layer depth of

' Fluid Mechanics., Consequently, we have chosen t_. to
characterize the eddy structure and the gradient wind
level (H) to characterize the gross scale of the plane-
tary boundary layer,

According to our notion of similarity, the ratio
; i of the gross length scale of the boundary layer and the
i length scale of the eddy structure (H/t,) is a universal
£ constant. To determine its magnitude we again resorted
to the observations of the Leipzig wind profile., These
data yield an H/2, = 33,44, This constant defines the
‘surface wind angle (a) and the geostrophic drag coeffici-
ent as unique functions of the surface Rossby number.
~_With this cons.ant we are able to select the solution
- which is proposed as the universal solution of the steady
-~ ~state, barotropic, neutral planetary boundary layer.
‘Table I presents this solution in terms of the nondimen-
_ sional variables.

o We can now demonstrate how this solution i1s used
to determine the distribution of wind and turbulence in
~the planetary boundary layer. We can also i1llustrate

_ some of the more salient features of the model. To use

" ths model, it 1is necessary to specify the three para-
‘meters which determine the surface Rossby number, namely,

- the geostrophic wind, the latitude, and the surface

" “roughness. The geostrophic wind can be readily evaluated
© Trom synoptic (or prognostic) weather maps while several
sources [{4,5] can be consulted to evaluate the roughness

- At the site.

,i The relationship of Hf/G and ¢ /G to the

—~gsurface Rossby number as derived by the model is illus-

- -trated in figure 2. The magnitude of t, and H can be
determined from figure 2, consequently, the nondimension-
al height (g/1,) of Table I can be converted to true
“‘height £. We can also determine the relationship of the
angle of the surface wind (o) and the geostrophic drag
coefficient (C) to the surface Rossby number. These
relationships are illustrated in figures 3a and 3b. Small
angles of the surface wind are associated with stroing
- geostrophic wind, low latitude, and small roughness. This
dependence on roughness can be seen on any surface synop-
tiec weather chart. The cross-isobaric flow 1s consider-

~ ably less over the sea than over ihe land. The trend of
- the geostrophic drag coefficient is similar to that of
the surface wind angle, If one compares figure 2 with
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figures 3a and 3b, it is apparent that the surface wind
angle (a) and the geostrophic drag coefficient (C) are
less sensitive to changes in G/f than are H and 1,.

Unfortunately, very little data exists which
can b. . ed to verify the model. With the exception of
the Leipzig wind profile, the available data do not
satisfy the conditions of the model (barotropic, neutral,
steady state) and/or the method of computation used to
analyze the data is of doubtful validity. Nevertheless,
all known observations have been plotted on figures 3a
and 3b to permit comparison with the results of the model,
Although there is qualitative agreement between the model
and the observations, the scatter is tno great and the
number of observations too few to permit any formal
statistical analysis of the results, A graphic presenta-
tion of the salient feature of the model is pressnt in
figures 4-5, Figure 4a is the hodograph of the wind
vector in arbitrary units, A line representing the
geostrophlic wind vector is drawn from the origin to the
desired value of z,/t,. The velocity at any height z 1s
found by drawing a line from the value of z,5/t, to the
z/%, corresponding to z. In a esimilar manner, the hodo-
graph of the shearing stress vector is shown in figure #4b.
The magnitude of the surface stress (r_) can be determined
by finding the drag coefficlient from ffgure 3b and solving
equation (19).

Figure 5 shows the vertical distribution of the
relative eddy viscosity (K/t.G). From previous discussion
we concluded that for a fixed roughness and latitude, t
increases with increasing geostrophic wind. Therefore,
the eddy viscosity is proportional to the geostrophic
wind to a power greater than one. A simple computation
shows that the maximum £ the eddy viscosity occurs at a
height approximately 1/5 of the gradient wind level,

5. DISCUSSION

The planetary boundary layer model presented
here contains the features sought in the objJective, In
the free atmosphere the wind approaches the geostrophic
wind while in the surface boundary layer the wind profile
is logarithmic. It would be misleading to imply from this
that the idealized planetary boundary layer could be as
successful as the two independent concepts. The fact that
the wind appears to respond quickly to pressure gradient
changes, resulting in a quasi-geostrophic wind in the free
atmosphere even when conditions are not ideal, account for
the success of the geostrophic wind equation. Similarly,
the surface wind profile responds quickly to stress and
roughness changes. Batchelor [€,p 255) emphasizes that
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the stress at the ground 1s likely to respond slowly to
pressure gradient changes which indicates that for the
real atmoaphere_a true steady state condition rarely
exists, Lettau[‘.p 257] in reply stated that in the
lower portion of the boundary layer the profile will res-
pond quickly to pressure gradient changes, but more
prolonged inertial oscillations will complicate the upper
portion of the boundary layer,

In solving equations (14) the authors encoun-
tered computational instability in the upper portion of
the boundary layer solution. This instability led to
inertial oscillations of the type anticipated by Lettau.
In spite of these oscillations, the lower portion of the
profile was stable and the distribution cof stress was in
consonance with the steady state solution, This is en-
ﬁ © * ‘couraging for it implies that at the boundary such
1 features as the stress and angle of the wind are in balance
with the geéostrophic wind even if the upper portion of
‘the boundary is in oscillation.

g The restriction of the solution to barotropic
-conditions was not essential, but simplified the problem
-~ in terms of the' number of solutions required. A simple
.. ~:reformulation of the problem representing the geostrophic
- wind as a function of height will allow the thermal wind
tc be taken into account and the same numerical technique
-is applicable,

The restriction of the model to adiabatic con-
"ditions limits its applicability to conditions over the
sea or land surfaces with overcast skies. However, the
" ‘medel can be extended to cover most conditions by inclu-
ding & suitable expression for the effect of stability on
‘the mixing-length.

6. CONCLUSIONS

B We believe that the development and solution of
the planetary boundary layer model represents a signifi-

. agnt step forward, since it furnishes a connecting link
between micrometeorolecgy and macrometeorology. We do not
contend that the model presented is the final answer as
it 48 based on several hypotheses which require experi-
mental verification. The model 1s restricted to a class
of atmospheric conditiona. However, it represents a
foundation which can be refined as more experimental data
become available, and extended to cover a broader class
of metecroclogical condlitions.

The present model has strategic and design
applications which reguire a knowledge of the distribution

cf wind or turbulence characteristica for differing situa-
tions. For example, 1% is believed that the model can be
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used to evaluate the effect of roughness on the diffusion
of CBR agents. Such a study is now under way. In like
manner, the model can be extended to a broader class of
micrometeorological problems such as determining climatic
and synoptic estimates of evapotranspiration from large-
scale watersheds, turbulent transfer of heat, water vapor,
and carbon dioxide from the earth's surface.

From a long range standpoint, one of the great
challenges facing meteorology is the development of a
truly diabatic model for the prediction of the hemispheric
circulation. An important feature of such a model would
be the energy dissipation associated with the planetary
boundary layer. The model furnishes estimates of the
dissipation and surface shearing stress derived from
knowledge of only the geostrophic wind, latitude and
roughness,

It is concluded, therefore, that the planetary
boundary layer model presented has useful applicationa

situations.

/f/,f“ o . I, P
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Table I =E
Basic Model Solution as a Function of Relative Height B
(V.-v)/0 ty/pG2x103 :
8,10 (UG-“)/G ‘xloozx1°3 UQ/G x/‘oo \,
53.1 .0000 .0000 .0000 .0000 ,0000 .0000 N
50,0 ,0021 ~.0009 .0007 .0005 ,0009 .0010 .
45.0 0043 .0052 ,0005 .0035 ,0019 .C019
100.0 -10030 1011'7 "00080 -001‘8 .0031 .0031
35.0 s 0112 JO01T4 -,0151 .0020 ,0039 .00LT k
) 30.0 -.0l65 +.0030 «,0316 ~.0319 .0067 ,006T X
. 25,0 ., 0653 «.,0306 «,0218 =.0772 ,0089 .0090 s
{ 20,0 -, 0676 ~-.0809 .0213 ~.1315 ,0115 .0115 o
‘ 10.0 0099 ~.2011 2k72 -,1942 ,01TT LO1TH
6.4 .0T11 -.2381 3741 -.1719 ,0203 .0187
$.0 21010 =.2503 L4285 =.1527 .02i3 .018%4
% 205 -1721‘ '02690 05327 “00988 00233 o01h7
1.0 021‘60 "12787 05978 -90503 002.‘5 00081
«5 2956 -,2819 .6200 -,0283 ,0249 .00L5
0.25 3420 =.2835 6317 -,0162 ,0251 ,0024
0.10 _., +3999 -,28L5 .6383 =,0028 ,0252 .0010
/ 3.125x10 4785 ~.2852 L6413 .0000 .0k55 .0000
3.125%107 & 46665 =.2855 6426 .0000 ,0350 .0000 o
3.125x10%g, 8124 -.2855  .6L27 .0000 ,029% .0000 e
{ 3.125x100., .9584  -.2855 L6428 .0000 ,0254 L0000 i

3.125x10°°" 1.1043 -.2855 .6L28  ,0000 ,0222 ,0000 W

®Applicable to 3 heights only.

i
i '1' "he : A : ]
t -« 3007 v T B
) .:.. ;’ 1 sempuied frem Laipaig "
1 20.01
- -2/L
\! * ts to {i-e )
f s 19,01 Ly * 32
. ] - L =00
E L 0.0 +¥——tee—+tr + o + * et oot !
; : ] 2 4 ) [ ] ? 9 s ® ,
' Roight (In Nundeeds of moters) i
g Fi10.1 Misleg Leagth Prefils




] 3.0
'o
5 .
®
i S
[+ ]
-
!
]
:
—— . 0.8
| | ) 0.0
8. 2 Loe oF R,
- NI/G AND Lgf/G AS FUNCTIONS OF THE SURFACE ROSSBY NO.

Nr/e

| S AV
RN o L
D U | g IEAN

-
o N N . P 2 A 2 Ny '8 F'y A
Yy Py Py Py o P » [ ¥ re 8.0 20 e
oy o8 Ne by of Be
{a) 16}
Fig 3 MOOEL RELATIONSHIPS VS OBSERVATIONS
MODEL X OBSERVATIONS
98
. enn e hi




(6,~V)/6

W HO0 409 +0.8 +0.7 +0.6 408 +04 +03 +08 +08 +0.0 -0l

(G,—VU) /G
FIG. 4a WIND VELOCITY HODOORAPH

o 1
/ : -

T, /40t

Y
08 04 03 02 O 00 -04

/e 0
FiG. 4p SHEARING STRESS HODOGRAPH

K/Re6
FIG. 8 RELATIVE BDDY VISCOSITY

99




ARENDT, PAPAYOANOU, and
SOICHER

DETERMINATION OF THE IONOSPHERIC ELECTRON
CONTENT UTILIZING SATELLITE SIGNALS

PAUL R. ARENDT, ARISTOLE PAPAYOANCU, and HAIM SOICHER
U.S. ARMY ELECTRONICS RESEARCH AND DEVELOPMENT LABORATORIES
FORT MONMOUTH, NEW JERSEY

INTRODUCT ION

Ionospheric eélectron content may be determined from satel-
lite signals by both active and passive methods: the former involve
measurements by the satellite itself, the latter involve measurements
by ground stations. This paper touches on both methods, limiting the
discussion to topside ionospheric sounding, for the active case, and
to c-w transmission from the satellite and ground reception, for the
passive case. Active methods, which yleid complete information about
the altitude profile of the electron density, depend on specific in-
formation regarding the satellite's position and the geomagnetic field
strength along the radio path. Under restricted circumstances, pas-
sive metheds are independent of such specific informaticn.

PASSIVE METHODS

The passive method has been used since the launching of the
first artificial sateilite. Application of this methcd is based on
stable c-w satellite transmissions, the stability of which should be
high compared with the measurement tolerances (1). When two or more
frequencies are required, the frequencies should be phase-coherent.
These conditions have been or will be met by various satellites: Sput-
nik III, the Navigational series, and the forthcoming S-66 are ex-
amples,

Passive methods involve determination of the Doppler frc-
quency, the Faraday phase rotation, or both. The equations governing
these phenomen are well known (2)(3)(4); however, it is useful to re-
view their inter-relation under various conditions (Tables I and II).
A comparison (Table II) indicates that nome of these equations can be
used alone for determination of the electron content. We must intro-
duce either simultaneous data from different frequencies, data tsken
at different times, or hybrid methods using both effects. However,
all these methods require additional information regarding the orbital
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paramsters and the gesmagnstic fleld.

The various conditiuns for simplification of the general
equations are indicated in Table II. Equations 1a and 1b describe the
observable effects due to the motion of the source and to the nature
and variation of the medium along the signal path. For ordinary lon-
ospheric conditions, the medium may be assumed to be static during the
time of observations. This assumption is permmissible provided that
ionospheric frequency scintillations (5)(6) in the range of lower fro-
quencies (20 to 50 Mc) remain small. Under the static condition, we
have the Doppler Equation 2a'(Tsble II). An additional simplification
is obtained for the Faraday equation in assuming that the geomagnetic
component (B cos 9) 1s constant over the entire ionospheric section
of each particular ray path. This constant is equivalent to a
value that in principle is different at each time moment, and is placed
before the integrel in Equation 3b and designated as “effective® vale
£ cos &, Note that both Equations 2s and 3b contain the local density
;lp multiplied by the velceity component dS/dt and the integral

 {oN/8t ds. Mowever, in the equation for the Faraday effect, the fac-
= tor B cos ® 1s multiplied by N. Since Equations 2a and 3b cannot be
"_solved for the electron content without special informetion about the
_ _inherent paraasters, further simplifications have been introduced with
- the sssumption of a straightline path of propagation in » stratified

~ 4onosphere. The corresponding coordinate transformations ares
—4or s circular exbit (7)(8)

s$(p)
- So fou/ot]d. = (R-N) ds/dt (8)
~ for on ,gl_ngié.h)nl orbit (9)
o f fon/aelds = (R - N) {d6/at~ (5/h ) /dt] (9)

~These transformations result in Equations 4a, 4b, 5a, 5b, respectivaly
{Table 1I). Au\-u\z‘a flight vertically upward dS/dt = dh_/dt, we
-axTive at Equations 8a and 6b which for a verticsi flight LWfempty out-
‘oT space (llp = 0) reduce to Equations 73 and 7b. Further simplifica-

#ions involve a restriction to small zenith angles in nearly overhead
-z passagas, If these conditions are assumed, and the cbservation point

"~ -1s located st medium gecmagnetic latitude, we can neglect in Table 1],

“"guzing the center part of an overhead passage, 2ll terms that are re- .
1ated to a variation of B cos ¥ This is a sharp geometric restric-

_“tion, however, as shown below, it lLas to be made independently and

- rigorously for the applicability of the differential Doppler methods.

Thus, with A(B cos 9)/0t = 0, we arrive at a simplified version (10)
of Equation 4bs

d(4a)/dt = (k/£2)R B cos © d9/dt (4b)

. de Assuming the first order of hi froqu-ncz e imation for the
% :ofugavo index for lngamla-hm t n’ﬁ?pu... frequency
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which together with Equaticsn 43 results ia
Re f’/(eMK T cos & [d(ae)/dt]™" o kf) (10)

wheii a Teasonable appreximetion for BCOF © can be found. As a first
approximation, the term kf can be neglected and Equation 10 becomes:

R= £ d(M)/dt /cat Xk B cos @ (10e)

1.0, the integrated electron density is proportional tc the ratio of
Faraday fading rate and Doppler shift. This method (Equation 10 or
10a) has the advantage that it involves only one frequency. On the
other hard, 1f N 1s known from different information, the above meas-
ursment gives an estimste for B T © that may be used further.

Having made the sssumption that 8(B cos 9)/0t = 0, we alse
transform Equation 1b into a simplified forms

d(&)/dt = (K/£3) Bcos® d/dt 5:(")|u- (1b)

where the coordinate trensformation inherent in Equation 4b has not
been applied, Combining Equation 2a and th~ above form of )b, and
oliminating d/dtfNds, we cbtain (11)s

d{aa)/dt = (K/x) B—TOF™D [ds/dt - cat/f) (11)

Thus, the Faraday fading rate is, other things being equal, propor-
tional to the difference between the change of the geometric path
length dS/dt and the change of the optical path length caAf/f (11).

Considering Equation 2a, we can solve for dS/dt when two ob-

servations at different frequencies (% and f;) are perforwed simul-
tanecusly: )

ds/dt = c(f,af; - £,4¢,) / (£3- £3) (12)
With Equations 11 and 12, we arrive at another expression for B €0l ®,
B cos ® = [d(aa)/dt](k/cK) (fs-1y f,/f,)/(af,-u, £2/ £4) (13)

Considering two simultanecus ler measurements, we can
also apply Equation 4a and solve for N (7):
R= (f:/ k) (afy - Afy£3/8,) /(Af,-u, £1/¢3) (14)

To obtain added confidence for the result,we differentiate Equation
das

d(at)/dt = £/c (1 - xR/¢2)d2s/dt? - (k/ct)dS/dt dR/dt (15)
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The second term vanishes for the assumed small zenith angles when
dN/dt = 0, or at Doppler inflection point where d5/dt = O. Using the
maximum slope ¢ at inflection mcaent (which data can be based on many

¢ ) wa houa Cia )¢

glo\n‘- Mmad st ramand e
- ) .'. LA (R L A AN ‘, LY A4

Aliygaw l-v-a\l A 211}

N = (f:/k) (dz - d]fg/f;/d, - O]f\/f,) (16)

Wihen the differential Doppler methods are applied, special
precautions are necessary; the applicability depends on the equality
of the pertinent geometry for the propagation of the two frequencies.
Equation 2a (Table II) indicates that the velocity component dS/dt,
and the shape and length of the line integral, must be identical. Ex-
parimental experience (12) has proved that these identities are not
warranted, Even if it is assumed that the curvature of the line in-
tegral it close to a straight line for both frequencies, we notice
(Equation 2a) the effect from dS/dt, which is very sensitive with re-
spect to small changes of the direction of the 12, directly at the
satellite, Changes in Np (horizontal gradients) may produce such

directional defects that affect the basic term defining the momentan-
eous Doppler frequency shift. All other types of lonospheric irregu-
larities can produce similar defects, Obviously, the time function
of the differential Doppler shift Af,-Af, f,/f‘ when applied to iden-
tical geometry, should have its inflection point at the same time at
which inflec-ion occurs for Af, end Af,; otherwise, the assumption of
a straightline path would not be justified. Thus, an important test
is the precise calculation of the time moment of Doppler inflection
for each single frequency from a large number of subsequent Doppler
measurements. When these time moments for the two frequenclies differ
by an interval larger than the precision of the calculation (about 30
wsec), we must assume divergent geometry and cannot apply Equations
13, 14, 16, or their equivalents. Doppler inflection measurements
show that a large number of differential Doppler data do not corre-
spond to such restrictions, This basic requirement s realized only
for close-to~overhead passages during stable ionospheric conditions
(small scintillations) for radio path penetration nearly vertical to
stritified layers., Thus, conclusions from differential Doppler data
that have not been checked for equal geometry may lead to substantial
errors' (compare Figs 2 and 3).

The rostriction for the selection of passages to which dif-
ferential Doppler methods can be applied leads directly to the assump-
tion applied above for the simplification of the Faraday Equations 1b
and 4b, Within the boundaries of this restiriction, we can combline
Equation 13 with the following integratad version of 1lbs

1. For the same reason, the phase-defect method (4) should be re-
stricted to nearly overhead passages and small zenith angles.
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S(p)
b= (8a)y e 2nlmee) = (K/F?) B Eoid f_ Nes (17)

and obtain (11) the electron content integratéd along the radio path
as followss
s(p)

fo Nas = (c/k)oay [d(aa)/at]™ £2 (af-afy £2/51)/ (05 ~084 f'/f')us)

The uncertainity in the total number of phase rotations,
Equation 17, [2w(m+e)] at any moment is resolved (13) by observing the
change of the phase between that moment and the moment when the Fara-
day effect 1s zero. The same result is obtained by forming the dif-
ference Aa1-42, from simultancous phase measurements at two different
but adjacent frequencies. Insofar as the difference remains greater
than .2 radians. we can neglect the experimental error ¢, which is in
thelgzger of .1 radians i{f recont phase-following systeas (14) are
app .

In case the moment for Aa = 0 cannot be observed{ we use
bdaq-lday from two closely spaced frequencies, and arrive at': (19)
19

S(p) A pezeamez ez .
5’0 Nds = (¢/k) (Aay~ta,)[d(da)/dt] [f1 f /ffj;-f‘)](Afz-Af;‘z/f‘)éf;Aff‘/fz)

Note, three frequencies (fy,f,,f) are used, and the assumption mi=m,
has been made, f; and fy being sufficiently close.

The apparent symmetry of the Doppler curves with respect to
the inflection point has led to a method that is based on the state-
ment that the absolute value of Af is always equal at corresponding
times before and after inflection moment. E. Golton and B. Burgess
(15) concluded that at those moments N is the same. However, Equation
4La, indicates that this fact is justified only when dS/dt 1is also squal.
This assumption helds only for a polar orbit in overhead observation
when we can neglect the Doppler component due to the relative motion
of the earth, Then, the difference of corresponding Faraday phase
shifts at time ty and t; becomes:

s(p)
(Aa)h-(Aa)t = (mt1-mtz) K/fz_(o des (20)

2
The)application of Equation 13 yields the integrated density:
s(p
- - 2 - . -
f Nas=c/kl usa.)t1 (Aa)tz]f1 [Afz af f2 /f'] /é (AaL/dt-d (taj z/cat] (Afz of £ /(2’1);

From the assumed straight-line propagation it follows that both Aof,
and Afy must be equal at times t; and t,. A check of this equality

1. A method ‘2) replacing (da; - Aa,) by d(aa)/df cannot achieve
a different result.
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Equation 18, 19, and 21 sre independent of dats acquisition
pertaining to the orbital parsmetere and the effective component of
the geomagnetic fleld. They azre bound to the prerequisites of geo-
-otilc)idcntity and of constant field componaont (i.s. d>f small zenith
angles).

In addlitlion, other expsrimental conditions must be consid-
ered. For example, when the phase measuremsnts are performed by
counting the rate of amplitude fadings, the measurement of d(sa)/dt
becomes an average over a time interval that is different in resl time
for the two frequencies. Thus, continuous but moment-by-moment muas-:
urements are preferable. The new phase-follower system {(14) yloelds
A and d(Aa)/dt every second from phase comparisons that are inte-
grated over only & small fraction of a second (Fig 4). For very close
frequencies, the differential Doppler shift becomes so smsll that it
is submerged in the uncertainties produced by ionospheric frequency
scintillations and by experimental errors.

The question arises whether some advantage could be gained
by the introduction of a differential phase-rotation method, similar
to the two differential Doppler methcds mentioned. Unfortunately,
such efforts are handicapped by the fact that all simultaneous
d(aa)/dt are proportional to f 2, Thus simultaneous rate data slways
end in the trivial equatiom:

£3 d(aay)/dt = f: d(ae,)/dt (22)

One can use Equastion 22 only to check the prerequisite of equality of
path geometry. It has been found, for example, that with 20 and 40
Mc (Sputnik III), Equation 22 is not striotly satisfled for most ob~
servations (Fig 5). This fact' confirms strong refraction and bend-
ing effects, and indicates the care one must exercise in the data
intervretation.

The various passive methcds are revised in Table III; a
comparison of actual data is given in Table IV. The application of
Equations 18, 19, and 2] must be postponed until data becomes avail-
able from Satellite S-66, Equation 21 deserves restrictive consider-
ation because the S-66 orbit will not be polar,

ACTIVE METHQLS

Experience with active methods is limited thus far to ob-
servations of the US-Canadian Topside Sounder Alouette (S-27), which

1. The effects of so-called second-order rate of rotation (16) might
be responsible at least for a part of those deviations; however,
there is no experimental method to differentiate between second-
order rate esffects and path inequalities; further, different
paths for the ordinary or the extraordinary mode have to be con-
sidered,
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will be followed by the US Topside Sounder 5-48 and by various other
vehicles. Active methods are basud on the following procedure. The
satellite transmits a pulse at a sounding frequency (in the range of
«5 to 11.5 Me) that 1e considered to be vertically incident to the
lonosphere, and receives the echo. The freguency is varied either
contimwously (17) (18) (19) $-27, or in steps (20) S-48 ., The
sounding information (lonograms) is transmitted to the ground via a
telemetry channel. The appeirance of the ionograms (Fig 6) suggests

a nearly exponential decay (21) of the height distribution of electxn
density. In order to convert the measured delay times (or virtual
paths) into electron censities at true height, the virtual path must
be expressed in terms of the group refractive index. Since the sound-
ing frequencies are close to the gyrofrequency and the ?lqsaa frequen—-
cles, the complete expression, and not an approximation’, for the ro-
fractive ind.x that accounts for the geomagnetic fleld and 1i3 varia-
tion must be applied. A value for the gyrofrequency and the plesma
frequency at the satellite itself must be obtained from the spikes
(22) visible in the ionogrsms. Finally, a numerical integration over
several rones of different exponential decay allows one to arrive st
the electron-density profile (see appendix).

The electron dependsnce near the Fy layer of the lonosphere
can be approximated by a parabolic function. If this section of the
profile is evaluated together with the e.:ponential regions, one ob-
tains a detailed picture of the electron-density distribution at and
above the F; maximun, If bottomaide ionograms obtained simultaneously
with topside ionograms are roduced to true-height profiles, then the
total electron-density distribution from the earth to the satellite
is known. Fig 7 shows examples of such curves revealing the total
structure of the electron content below the satellite., It is obvious
that a numerical integration of the entire profile will result in a
figure for the integrated electron content thet can be compared witn
corresponding figures from passive methods. Table V shows typical
values for day-tims integration that fit the dats from the differen~
tial Doppler slope method shown in Fig 1, It will be interesting to
make direct comparisons of the active and passive methods when the
$-27 and S-66 Satellites can be observed simultansously.

APPENDIX

The assumption that the ionosphere above the F; layer is
describable by an exponentisl function leads to the following equa-
tion for the electron density distributions

N(z) = N o(z-h) 0<z<h (1.1)

l. Different from the usage of the phase-velocity refractive index
for the passive experiments,
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wheze 2z it moasured vertically dowwerd from the satellits. The
besic equation relating the virtual path h',(h' = 1/2 ¢ot) to the true
height of reflection h,, is given by:

| A S:T n'(z) dz (1.2)

If one introduces X = k'N(z)/f?, then for an exponential
function N(2), Equation 1,2 becomes:

X
h' = (1/) Ix‘ [n*(x)/x] dX (1.3)
0

wherse Xo is just
o
] 2
K'N o o/

at the satellite, and X, is obtained fruom the reflecticn condition,
The extraordina:y ray has been used to perform the calculations and ®

Xy = 1= £ /f (1.4)

Thus from Equation 1.3, one can calculate <. The spikes on the iono-
gram allow a calculation of xo and consequently of ho‘ These spikes

corresponcd to plasma resenances (22).

The problem becomes more complicated when # single o( dnsg
not suffice to describe the electron-density distribution. In this
case, one assumes that the topside lonosphere is composed of various
regions sach of which has a characteristic <. A computer program has
been devised to find the various alphas and the depth of the reglon
over which each is applicable (21). If one has the appropriate «'s
and h's for the ionnsphere between foF, and the satellite, one may ob-
tain the integrated electron content for this reglon froes

fNdd = ;;1 [me/«(")] {1—0‘()\) ("‘x"'\-l)] (1.5)

where q(x) i{s the suitable X for the \th region, hx is the depth of
this Ath region measured from the satel!'te, h§_ is the depth of
the (\~1) reqion measured from the satellite, ,na N is the maximum
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TARBLE 1 - List of Svmbols

A phase shift between ordinary n refractive index (phase

and extraordinary mode

velocity

B geomagnetic fleld strength n' group refractive index
¢ velocity of light,free space N  electron numbex density
ds line element of path S Np electron density st satel-
f emitted frequency T lte
£, gyrofrequency ) ;:;::2; integrated electron
Af Doppler shift C observer's position
h, altitude of satellite,measured p satellite's position
vpwerd S,S(p) geometric length of
h' wvirtusl path, messured downward redio path
hy trme light t time
dh 1ine element of sltitude T OPath of sounder pulse
k = 4,03 x 107 cgs units o  exponent of profile function
k' = 8,065 x 107 cgs unite ® angle between B and propa-

K = 2.36 x 10* ¢gs units

T

integer
delay time
110

gation
experimental error
maxionum slope




ARENUT, FAPAYOANU, and

SQICHEK
ooerL R ) TANADAY ]
ve] o D} T -
e Soaton sy ;J‘-u 1-.’.”-;\5‘[»&-0-0.
( ] - L ]
- H -
S1ac Wonm. w0 OTvEn ‘4'1—'5."%'}5_['—’;_

ULl Py "”(' E?)"*’b’f""

e [ e pies e[ g
ar " ," [ 4 tOam ¢ Y -
i e s ¥ TR [ABLE II
| -
et WRTIIT Ly
[ - -
o hadni e ot 800y (1 l,#)’ "ﬁ"‘"&‘*('r‘-") I=
fLlenon oney 2 -‘.;Qtrllg\ =
L ow ' e ’ L
e] ﬂﬂ'!m‘ f
;:(;-'m:'"u ”~ oy "'%‘(",#)‘."? %%—-.,'-'!'ﬁ--f %E .

| st om0 B |

AP asOvE .:.1'»"1 q“ﬂ-e

Uehe, :.' {Bome 20

AOCKE ' W PREL preCy i
%0 :
EFFECTS FROM MOTION OF SATELLITE TRANSMITTER
EQUATIONM FOR SMALL ZENITH ANGLTS ONLY m
L
1 —
10 fﬂcl' - n O B N B e $ -
c A lﬂ‘(’”) TX 7
—— : 'L S f
‘e f-o- Befy 837841, " :
a [ =
&y 'l',»';"' o
St — - ! S N ?
e TABLE III
. - =
e b o :‘:‘L _.'L..'.L'lx_ " :
‘ T ey -w i
[ B} e z
i - :
[ - R =L .
1 ] Nee » ‘_’.‘_ A, ( Hae)) "l A e, - E
[ (1} .!L. -
atyca .
R, 8 ' AN ;
i ' -t ar, -at :
11 fﬂ.-.‘—. _'.-'—J...,(‘.‘..,.,( ‘:‘:") o | ! "l - .
R ' arg-at, - :
¢ L
.'7 { . ' .- ';'L POL AR :
t didey} d{bde Aty - At
1 jr'“" ‘.' lh..'n..)( r. ") L ORMT
) [T L] at,- v, _'.L..
14

METHIDS FOR THE DETERMINATION THE IONOSPHERIC ELECTRON CONTENT

111



DRI R sy — —emetomIan TRREET DTSR ade co ms e eem o < eam e e .

ARENDT, PAPAYOANOU, and
SOICHER

Bl i e I

CALCULATION OF INTEGRATED ELECTRON CONTENT
SATELLITK 1860 ETA {TRANSIT), OROIT 2370, OEC. 6, 1980

WEAPUAED DATA Alyy = 70D sy/ses, btige = 2ETS u/ou]) AT
ce:iv:. 28

. Ty ene! j e

wgq° 12.082 ay/eect AT
00:14.00.0

#,q4" 38507 ap/nect LT

—_—— TABLE IV

8o * 000 kam (FROW EPHEMERIS)

0 000 § ¢ 484 SAUSS (PER EQUATION 1D)

INTEORATED
CONTENT
LEcTRONS/Cet

METHOD LQUATION

TWO JOPPLAR BMIFTS 08

™

TWO BSOPPLER SLOPRS ue)

3eT X i0f®

3.4 x 100

ONE DOPPLER SNIPT, 0o

} ]
A x 10 ONE FARADAY FADING RATE

ELECTRON CONTENT (10 Je/cn?)

PASSIVE METHOD
TIME ESY CONTENT

JULY-SEPT 1961 {'°:°° 2.1
17.00 1.9

ACTIVE
TIME EST

AUGUST 1983 {

METHOD
CONTENT
2.10
278

18:30 TABLE V
17:00

»

NOV. 1963 16:00 2.0 NCV. 1961 18:00 2.1

*CORRECTED FOR VARIATION OF SUNSPOT NUMBERS

ELECTRON CONTENT NOM & DEL. 108!
HISTOGRAM OF HOURLY AVERAGES

S

S

FIGURE 1. Electron Content Produced from Differential Doppler Slopes
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FICGURE 2. Differential Doppler Shift in Identical Geomstry; note the
simultaneity of the inflection moments
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FIGURE 3. Differsntial Doppler Shift in Non~-identical Geometry; the
two inflection moments are 5 seconis apart.
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FIGURE 5. Paraday Fading on 20 and LO Mc from Spatnik III
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FIGURE 6. Topside Ionogram from Alouette (S-27) obtained at Fort
Mommouth

ELECTRON PROFILE FROM S-27 AND BOTTOM SOUNDER

1050
POSITION OF AUG. 185, 1963
SATELLITE 1656 MR, 4| SEC. EST
00 - N ] =7 LONG. - T348%; LAT AL86°
" MEIGHT 1030 KM
750
2 o
AUG. 27, 1983
§ asc | 1937 PR EST
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*° //
150 T- ==
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FIGURR 7. Coaplete Eleotron Profiles above Fort Monmmouth, N.J.
froa Topside and Bottomside Ionograms
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POTENTIAL RADIATION~FPROTECTIVE COMPOUNDS.
SYNTHESIS OF THE THREE ISOMERIC THREE-CARBON

ALTNONYDROXY BUNTE SALTS ANT RELATED COMPOUNDS T

2
D.H'Btml J."I- ‘JIIAI.AIAIB md L-IDNG, J!‘-
PIONZRING RESEARCH DIVISION
U.S.ARITY NATICK IABORATORIES
NATICK, MASSACHUSDTTS
3
In recent years, Bunte salts, S-allyl thiosulfates,
have been the subject of investigation in many laboratories. A
Bunte salt related to glutathione, "S-sulfoglutathione"”, has been
isolated from calf lens extracts. Sulfite has_been used to obtain
roluble protein ?r peptide fractions from wocl,5 flour, ribonuclee
ase and insulin,’ and from trypsinogen and alpha-chymotrypsinogen;
the cystine disulfide bonds are cleaved under mild conditions to
form "S-sulfocysteinyl residues”. The properties and potentiul
uses 81‘ the "S-sulfocysteinyl residues" have been discussed by
Swan.

Several examy.les of Bunte salts contianing anino or allyl-
anino groups were prepared by Dretschneider. These, like the
amino-acids, are internal salts and the simplest compound of this
type, §-2-aminoethyl thiosuliuric acid, was found to have signifi-
cant radiation-protective activity in mice. It was also 2.4 times
less toxic than 2-aminocthancthiol (cysteamine) hydrochloride,ll
Othor aﬁnoallql thiosulfates have been prepared by Rosenthal and
Citarel’< vho found that they were stable compounds which possessed
plonificant anti-radiation activity. The low activity of 3-amino-1-
propanethiol compared to the activity of S-3-aminopropyl thiosulfuric
acidl3 sugzests that the protective activity of the Bunte salt is
not, at least in this case, due to the farmatlion of the thiol.

Aminoallkyl thiosulfuric acids are, in general, stable,
odorless, crystauline, water-soluble substances and are thus
attractive potential anti-radistion drugs. This paper describes
the synthesis of the three isomeric internal Bunte sults I, II and

III. @
CIL.IN CH, 0l H,OF
'11311 ]3 O 'H:SO e s:ngﬂlb
< b 3, O
I 1420503 II gllzﬂ'ﬂsﬁ III 8112..503
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Dunte salts are conveniently preBa.red by the reaction of
allyl halides with thallous thiosulfate the insoluble thallous
halide farmed beins casily removed I‘ron the reaction nixtwre. An
aqueous solution of 1-wnixxo-3-chloro-2-propunof. hydrochloride (IV),
15,1640 1 )e 2-chloroethylamine hydrochloride,l’ did not rcact
readily with thallous thiosulfate ot room temperature. Yormation of
the dnternal Dunte sall tool place ol higher temperatures but
extensive decomposition also occurred. The correspondin; bromo
hydrobroumide (V) was originally prepared oy coadensation of

CILX CH Il Ir
J“‘ 2 3
HOM ClBr
1M : C:L OH
Coplthy P
v Y e=Cl VI
v X = Br

\

potassiwa phthalinmide with boiling enibronohydrin, followved by
hydrolyeis of the product with hydrobronic acid.l‘} When 77, -
dinethylfornadde vas added in the condensation stnp,ld the ~
reaction nroceeded at 35-40° and the yicld was inproved slightly.
Under these conditions, the epoixlde ring is slovwly opened by the
potassiw nhitiwvlinlde. Thls wras denmonstrated by the forecation of
a snall eount of a dlanino-propanol {pceswnably 1,3-dianino-2-
propancl) after hydrolysis of the condensetion product. The dbrao
hydrobroalde reacted nare readily than IV with thallous thiiosullate
and, after 2 days at 509, the Bunte salt 1, S-3-ailno-2-hyarowy-
prop_,l thlosulfwric acid, was isolated in O7. yicld.

o suitable precursor for the Bunte salt I1 was 'mowm and
atteupts to prepare J-anino-2-bromo-l-propanol hydrobroaide (VI)
fron 2,3-dibrono-i-propancl and fron 2,3-dibromopropylardne and
their derivatives, by selective digplacenents of the prinary
broaine atonis, verce unsuccessful. The hydroovronide (VI) was
ceventuclly eobtained from the reaction of the allrlarmoniua ion with
hypobrouous acid. The latter was_gonvenlently generated in situ by
the riethod of Leibuan and Fellner—” whereby a nixture of brorine
vapor and air 1s passed into the reaction solution which contalns
one egquivalent of silver nitrate. 3Both isomeric aminobromo
alcchols were isolated, the desired 3-amino-2-bromo isomer VI beling
the rnjor product. The lvdrobrcm.ide VI did not react with thallous
thicsulfate at 40° but, et 75-00°, couversion to the Bunte salt II
vas essentially conplete alter 12 hours. Amine impurities, which
hindered crystallization, were removed by chromatography on silleca
cel. Crystallization of the purified matcried fraom methanol-ether

gave the pure Bunte salt I, S-2-anino-1-(hydroxymethyl)ethyl
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thiosulfuric acid in 5179 yleld.

Bunte salts have also been prepared by the action of
sulfites on disulfidec in the prescence of an oxidizing agent. Air
ar axygen are often sufficient but cupric ione,20 iodosobenzoate
and tetrathionate? have also been used. The oxidant coaverts the
thiol fored in the reversible reaction (1) to disulfide and
eventually this is completely converted to the Bunte salt.

© @
R3GR 4+ so3® o= RSSOB + RS (1)

Cystinol dihydrochloride (VII), 3,3'-dithiobis [ 2-aaino-
l-propanocl] dihydrochloride, is therefore a suitable precursor for
the internal Bunte sal’. III. It was preggred fran 2-phenyl-2-
thiazoline~l-methanol by Crawhall et al. These authors designated
their product as the DL-form but the method of preparation would give

Cli, Ol ClipOH

' e | ®0E
C}Z-N]Is Cl CH-I&I3 Cl

| |
CH,meSeeS~=  CH,

VII

a nixtwre o DL~ and meso-isomers. We ugsed the L-iscmer ol the
thiazoline in~wn atterpt to obtain the pure L-isSuer of VII but
hydrolysis of the thiazoline ring requdred 11ach more vigorous con-
ditions than those reported21 and racenization occurred at this
stage. The resultant DL-thiol ("cysteinol") was oxidized without
isolation and a crystattine, optically inactive nmixture of, pre-
sumably, the DL~ and reso- forms of VII was obtained. INo atteipt
was made to separate these lsaers and the nixture was treated

at roo. temperature with amonium sulfite solution (pH 7) and
oxygen. The reaction wvas followed by paper electrophoresis and was
caplete after 6-7 hours. The product was freed from inorganic
salts by ﬁ‘action.}z,ion o a column of a cation excuange resin in the
lithiw salt form™ and subsequent recrystallization from methanol-
ether gave S-2-anino-3-hydroxypropyl thiosulfuric aeid (III) in 65%
yield.

1~Cysteinol, L-2-aminu-3-mercapto-l-propanol (VII1), has
recently been prepared by Enz and Cecchinat02 by a method which
should not cause appreciable racemization. IL-Cysteine ethyl ester

was reduced with lithium aluminum hydride and the L-cysteinol farmed

vas isolated as the I',0,S-triacetatce (IX) in 299 yleld. These
authors hydrolyzed the triacetate with dilute hydrochloric acid and
obtained L-cysteinol as the crystalline hydrochloride, althoush they
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did not record the specific rotation. Thin loyer chromatography
indicated that dwrin; hydrolysis of the triacetate, an interwedigte
was rapidly Tarmed and that this wes slowly converted to cysteinol.
In dilute hydrochloric acid at 90° the absorption at 231.5
(thiolacetate) decreased rapidly. A sccond absorption at 26?::;1
(thiazoliniun cation) oppeared, increased 10 a nmaximum after co
1" hours and then decreased slowly (Fic.l). It has been shown
recentl,r that thigr oline farmiation ocews in acid sQ%utionu of
I-acetyl cysteine<” and li-0-mercaptoethyl-acetamide™ and
hydrolysic of cysteinol triacetate (IX) probably proceeds via the
sane nechanian.

CiL,~0-CO-C CIL,0H
' lz 33 l ey
CH ~IH-CO-Ch, CH-1
L C=CH, + L0
Hy=5-COCIL, cuz-s’ <
o1
1 ©) ®
B ” H
?mon CHAOH
“ |
Cii~I-CO-ClL =  Ch-mf ,Oi
' 3 ' /C\
CH.SH ci,-s’ ¢l
2 o f 3
R
1 OH CH,Oll
L]
C y '1’@ | m@
- ¢ Cl-M
|3 3
cz1231: Cif,=5~CO-Clly
VIII

L~Cystinol dihydrochlaoride vas prepared from L-cystelnol
triacetat® by acid hydrolysis follwed by oxidation of = the
resultant thiol which was not isolated. The L-farm of VII had a
specific rotation of -108° and a much lower melting point than the

values obtalned for the rixtures of DL- and meso- farms.

The {nternal Dunte salt (III) wrepared frou this disulfide
had g hizher nelting-point than the DL-;OI‘..I and o specific rotation

-310 iﬂ waters

The +hree isowmeric interacl Bunte salts are stable
crystalline solids, very soluble in wster and slightly soluble in

methanol. They_ decoampose slowly in boiliny water., All threc com-
pounds showed 8lignt activity w I%en tested % as radiation-protective
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THE USE OF INTEMSE PINCM
DISCHARGES FOK LASER
TLLUMINAT ION

R. G. BUSER, J, J. KAINZ, and J. J., SULLIVAN
U, 8. ARMY ELECTRONMICS RESEARCH AND DEVELOPMENT LABORATORIES
FORT MOMMOUTH, MEW JERSEY

1. INTRODUCT IOW

The standaxd light sources currently in use for
o;t1csl pusping of leser materiale in military and commercial
spplications as well as in basic resesrch are high pressure
noble gas discharges in a linear or helicsl geomstry, Fig. Va,
They all exhibit certsin limitations:

a) Duys to their mechanical construction they only cen
handle limited energies in & givey time interval (in the oxder
of 10 watts). The high inductivity of the gecmetry prevents
high currents of psec durstion and therefore limits peak light
output and pump repetition rate.

b) Focusing cavities necessary in high power application
are bulky and difficult te manufacture.

c) Their (except for a few superimposed lines) continuows
spectrum often provides poor mstching with the absorption bande
of the laser materis]l and therefore gives lcw pump efficlency.

d) In connection with ¢) a largs amount of the available
onergy is transforwed to heat, thus drastically reducing the
possible repstition rate of the pump pulses.

Under these circumstsnces it is very tespting to imvseti-
gate two discherge types which have been extensively used in
eonnection with high temperature plasma research, as to their
spplication ss a light source: the theta pinch (electrodeless)
and the linesr pinch {with electrodes) Figs. 1b and 1c. We will
show that pinch dischaiges can indeed be wsed very effectively
ss light pumps eliminsting most of the preblems mentioned before:
In both discharge types ultra high currents are poesible because
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inductivities of the circuit can be made extremely emsli. Cwz-
rent cenducting elements can be weed as reflecters and the laser
materis)l can bs placed in ths Centexr of the disca « lispecially
in the blwe and ultravielet regien of the (discrete) spectrem
oftea an isproved eptical mstch between light source and laser
seems pessible by preper sheice of gases, presswres and discharge
conditions. The spectral energy distributlen eof the pinch dis-
charge alse leads to a greatly reduced rate of heating of the
laser material which makes high pump repetitiean rates feasible,
Furthersere, large amswnte of light are available in shert times
which is particuiarly attractive fer certainm laser materisls and
switeching techniques,

There are a great number of parsmgters and pessibilities.
In the fellewing we discwss the mein principles and censider-
atiens and preseat some of the more important results e teined
so far.

2. THE. MECHANISH OF PINCY RISCHARES
2.1 Theta pinch.

The basic principle of the se~called theta-pinch is the
following (Fig. 'b): A condenser is discharged ever a single
leep o0il; A rapidly chanying longitwiinal magnetic field H will
be indused which prodwces im the gas oylinder (lecated imside of
the cell) s high electric field which, after breskdewn, lesds te
an irtens) curreat Ig in form of » sheath near the wall. Imter-
action ferces between H and Ig (F ~ & <Ig x H) pwsh the plasma
sheath to the imner cylimder. As the plasme 13 compressed, ia-
ward asving redial sheckwaves are set wp which heat and iemnize
the gas fwrther. During this pinching of the gas large ameumts
of redistion are emitted. The plassa metion is stopped if in-
terns]l snd externsl pressuxe is squsl or if the plasme hits the
inmer sylinder of the discharge twbe.

Righ cwrreat, short duration discharges have been stwudied
for semd time and s consideradle amownt of informstion 1s avail-
able. Hewever, most experiments have beea done im hydrogem or
desuterivm asnd enly few with ether geses or gas mixtures. Jev-
exral theeretical medels have beem cdeveleped to explain the eb-
seyvations in detail. Here we are enly interested in the
"1ight seurce” aspect of the pinch discharge. There are two
medes of eperation: If the riaging period T ef the circuit
s laiger than the characteristic piach time t, (im this case
the time between the pinch starting at the enter wall and
saximum csmpressien) the plasma h.ts the wall predweing s very
intense light emission watil the driviag ferce is relessed.

If tho circuit is oscillatery a series of compressions my take
plsce. This 1s showm in Fig. 2a(81) in a streak camers pisture.
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1f ©v < 14 the driving ferce is twmed ¢ff in time and tha shesth
does not reach the imner sylinder. Agein st maximum compressien
an intense light flagh 13 preduced.

The pinch diecharge with s singls driving coil (coil length
<< laser length which is sappreximately 2% = 3% in :1] expsrimeats
reported here) naturally is a very inhomogenous light souxce. Most
of the light 1s produced in the drive cell plane ss is te be expeci-
od from the R-fleld structure of a single loop. This dees not pre~
sent a preblem for the 4 level lager, but is of great disadvantage
fer the 3 level laser, ss will de discwssed in Sec, 6. There is
alse a time delay between the intemse illumination eof the laser
in the center and the regions further ewt. It takes seme tims for
the axisl shoclwave te meve awmay from the center plane (Fig. 2b(01).
This additional illwminsting effect produced by the shock waves can
be uwsod enly in materials with sufficiently leng relaxatiean time
of the metastable stutes. In this coamectien proper choice of the
length of the digcharge tube may aleo be¢ important.

At this poiat there are severa) alternatives: The use of
multiple loeps in parsllel eor a sinjle loep of sufficient length
will greatly improve the hemogeneity of the dischavrge but equally
owt deown the imduced current demsities and therefozs the light omis-
sion mless seteral independent circuits are used. Fer example,
the replacement of the single loop by a double leop did met preduce
s significant change of the overall light emissien.

Experiments alee indicate that preieaization of the gas by
meers of a d.C., 8.5., or high fregeency current will in sany cases
incresse the light owtput as there are differences to be expected
between celd and preionized shocke. PFurthermere it is puesible te
impreve the laser illuminstien weing reflecting coatings areund and
en the ends of the pinch tube, but no gquantitative messurements of
this effect have besn mado so fax,

2.2 z- Pingh

In contrast te ke O pinch where actuslly the imbalance
of the magnetic drivimng fixld and the fleld ef the induced curreat
prevides the compressien, the current of the z-pingh preducss its
ewn compression, (Fig. 1e). Agaim the intersction ferce F i
= L] x H and scts like a cylindrically cespressing pisten. IFow-
evor there zre some basic differences: Electrodes must be used
which will preduce sputtering offects and therefore shortes the
lifetime of the tube. The kevar sealing glass which is necesszry
in cennection with the kevar-stainless steel electrodes ie by fe:
infarier in its eptical and thermsl qmalities to the quartiz glass
used in O-gesmetry. Of ceurse there sre better technciegical
solutions, but they have not yet been explored. Om the other hand
the energy ceupling is improved aand the light seurce is cbviowsly
very hemegensus. A3 has been peinted ewt befere, rreionizatien
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ispreves the light effisiency of the discharge mecheniom.
3. ELECTRIC CIRCUITRY AW BLECIRIC BATGRING

The circuit weed in all 0 and 3~ experiments oencists of &
trigper switch, a cemdenser (energy storage) with a preper pewer
supply and an inductive lead (in case of the 0 pinch & single loep
ooil, in case of the z pinch the discharge tube and its comnectiens),
Pigs. 1a, 1b, 1c. We have the follewiag circuit ecuatienc:

Cwrrent 1-31—_‘%-1-%
1
Peak curreat Ip""'““ﬁ"«x.c

Current derivative ﬁ (t=e) = E
with U = veltage
1"o "

¥ = froquency = /mt-kgﬂb'

L = inductivity
C = expacity
R = resistance = ?‘3 w /A,

A= ith curreat amplitude

Nith these expressions the dynsmics of tne pinch (aside Zrom
cortain instabilities) is determined if ges type and pressure is
givea. Fer oxample in the @ pinch case the induced electric field

At
- — -
=zt B dptvtel wntee)

After breskdown we have a current density I = o 53, ¢ being
the slectrical eonductivity. PFer reasons spoareit in Séc. 4 it ap~
pears most advantageeus te have extremely high current pulses for
very shert tlmes. This assentially means one gshould use a high
voltags, lcw inductance circuit with am everall reslectance nsar

critical desping (R = R, ™2 ./%). 11 pessible. Prem a practical

point of view there are seversl limitatiens; the mest impertent ome
being the inductivity of the cendenser. Another preblem : .o aveid
umnecessary inductances with connecting lines and the ewitch. Ia
the follewing table wa present some data on combinstions of circuit
elaments which have been used ex ars currently being tried in this
Laberatory for 0 and x pinch geometry.
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c v E @ > I vt Bt Lesr/l1ead symbol
Condengar Nfg. nf kv kjeule mmp/sec aps ke jses jeule/sec
TOBE DEUTOCHMANN 12,0 20 24 2.2x10'' 2,110 140 13.8 1.,7x10° 2.9 61,31
AXEL 085 5 10,6 2,7x10'' 1,1x10° 40Cc 6.5 1.6x10° 4.9 02,22
G.E. dé .—uo S OOO “owuacda .—}ﬁdg § Nvm\ uodﬂag 2.0 @U
T.D. BESC261 6.2 2 0.04 1.0x10'2 0.6x10° 2500 0.8 0.5x10% 0.4 23
CONVENT TONAL 104 1 5.0 3.1x108 0,6x10° 1 2000 2,5x10% - ct
Symbols Rem&rks
61,51 Mo laser sctien pesitively identified in @ cr z gsometry. Inner cylinders
show destructive wear after a few firings in the case of z pinch geemetry.
02,32 Laser sction ebeorved with Wd in O geemetry.
L5 Experimmnts net yet cempleted. However laser actien has been reported fer
snd Twby in O-pinch geemetry, 2?4
3 Experiments not yet cempleted.
ct Conventienal aetheds used for comparisen puzpwsvs.
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Symbo! | identify the experimental sonditiens at which the mess-
uressats shown in Plgs. 2 and 4 ware made and seme reenite sre given.

- =

In Pig. 3 an eptimel decign for the z-pinch dischs ies showm which
oould be uaed in connection with a perteble wnit )e

4. RADIATION OF FAST PINCH D